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The intensity of beta ray ionization of potassium, 
uranium, and thorium 


RicHarp I. WELLER* 
Fordham University, New York 
(Received 7 December 1953) 


ABSTRACT 


A study of the absolute intensity of beta ray ionization from potassium salts and the ores of uranium 
and thorium is presented. Ratios of beta to gamma radiation above an infinite body were calculated for 
these substances. Close to the surface of the earth, beta radiation is calculated to cause much more 
ionization than gamma radiation. The beta radiation decreases so rapidly that above 100 cm the gamma 
rays are the principal ionizers from the earth. 


INTRODUCTION 


The contribution of the beta radiation from the earth to the ionization of the 
atmosphere has never been directly determined on an absolute basis. This research 
was undertaken to supply the physical constants necessary for such a determina- 
tion. In making analyses of the ionization in the lowest regions of the atmosphere, 
it has been necessary to make assumptions regarding the rate of ion formation 
and its variation with height (Hzss, 1933; CHaLMERS, 1946). The principal radio- 
active substances present in the crust of the earth which can emit beta radiation 
are potassium and the disintegration products of uranium and thorium. 

The number of ion pairs formed per cubic centimetre per second by the gamma 
rays from m grams of a radioactive substance at a distance r is given by 


«Re (1) 


where wu is the linear coefficient of absorption and K is a constant known as “‘Eve’s 
constant” (EvE, 1906). The effects of a continuous distribution of energy from 
the beta particles of most naturally radioactive elements and the phenomenon of 
scattering combine in such a manner that beta radiation obeys the exponential 
absorption law of eq. (1) to a good approximation. 

From eq. (1), the ionization produced above an infinite plane body containing 
uniformly distributed homogeneous radioactive matter, is given by 


(2) 


where p represents the density and f, the content of the radioactive matter in 
grams per gram of the body. It is evident from eq. (2) that the ratio of Eve’s 
constant, K, to the mass absorption coefficient, (u/p), must be known in order to 
calculate the ionization over the surface of a body such as the earth. When 
radiation comes from a number of radioactive products in equilibrium, as does the 
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radiation from the ores of uranium and thorium, the mass absorption coefficient 
does not have a single, fixed value. Although Eve’s constant, K, cannot be defined 
for these substances, Eve’s constant divided by the mass absorption coefficient, 
or Kp/u, has a definite physical meaning, and the latter quantity was determined 
for the uranium and thorium ores. 


METHODS 


A flat rectangular ionization chamber, 30cm x 30cm x 8-0 cm, with aluminium 
foils of 9:00 mg/sq cm thickness at top and bottom, was connected to a shielded 
Lindemann-Ryerson electrometer to allow sensitive ionization measurements to be 
made over extended areas. The ambient background radiation in the laboratory 
was reduced from approximately 19/* to 8J by permitting radon-free air to 
flow through the chamber before measurements were taken and by surrounding 
the chamber with iron shielding two inches in thickness. The ionization from the 
substances measured was at least 40 J above background. 

The investigation was carried out with thick layers of the radioactive substances 
placed immediately beneath the ionization chamber. ‘Infinite thickness” layers 
were determined by making a series of measurements on varying thicknesses 
of fine grained salts and ores. The total ionization measured was due to the 
combined effects of beta and gamma rays from the salt plus the background 
radiation. The beta rays were then cut off by an aluminium shield, 888 mg/sq cm 
in thickness, and the ionization due to gamma rays and the natural background 
was thus measured. Then, the ionization caused by the beta rays was taken as the 
difference between the observations with and without the shield. The absorption 


and scattering of the beta rays by the chamber and by the intervening air, as 
well as gamma ray absorption, were taken into account in the calculations. 


EXPERIMENTAL PROCEDURE 
Potassium 


A large area of potassium salt was required to furnish a,satisfactorily measurable 
amount of ionization. Therefore, a long series of measurements was made with 
thicknesses of the fine granular salt varying from 1-0 mm to 23-7 mm, at a uniform 
area of 30 cm * 30 cm immediately below the chamber. The variation of measured 
ionization with salt thickness at a uniform distance between bottom of chamber 
and top of salt of 5-0 cm is given in Fig. 1. It is evident that the measured ioniza- 
tion increased with thicknesses of the layer of salt until a thickness of 4-0 mm was 
reached, when the ionization assumed a fixed value and remained constant for 
greater thicknesses; i.e., “infinite salt thickness” had been attained. SCHWEITZER 
and STEIN (1950) give a rather extensive bibliography of references which confirm 
the shape of this curve for a salt in which the radioactive material is uniformly 
distributed throughout the mass. A mean infinite thickness activity of 43-6 J 
above background for potassium sulphate was determined from the plateau 
of Fig. 1. 

The same series of measurements was repeated with potassium chloride, giving 


* JI represents ion pairs per cubic centimetre per second. 


2 





The intensity of beta ray ionization of potassium, uranium, and thorium 


a value greater by a factor of 1-171. The ratio of the potassium contents of the 
two salts is 1-169. This shows a high degree of consistency between the two inde- 
pendent series of measurements and also indicates freedom from radioactive 
impurities. 
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SALT THICKNESS - MM 
Fig. 1. Variation of ionization with K,SO, thickness 


Uranium Ore 


The sample of uranium, a native pitchblende ore from Joachimstahl in equilibrium 
with its decay products, had been analyzed by J. P. MarBLeE and E. Rona, and 
was known to contain 45-7 per cent by weight of uranium and to be free of thorium 
(Hess, Burns, and ParkKINSON, 1952). Since the uranium ore was much more 
active than the potassium salts, measurements had to be made of small areas of 
infinite thickness placed under the centre of the ionization chamber. The area of 
the source was defined by a sheet of brass in which progressively larger holes were 
drilled. The brass was held just above the uranium ore. 

The curve of ionization plotted against source area, Fig. 2, allowed the mean 
ratio of ionization to area to be determined. Because of the relatively small areas 
of radioactive ore exposed compared to the area of the base of the chamber, the 
curve of ionization against source area is linear; the slope of the line gave an 
ionization per unit area, (¢g/S) = 101 J/sq cm. Some of the gamma radiation 
from the uranium ore is absorbed by the 888 mg/sq cm aluminium sheet. Most 
of this comes from the entire body of the ore, not only through the hole in the 
brass sheet. It is therefore independent of the size of this hole. For this reason, 
the line does not pass through the origin in Fig. 2. The absorption of gamma rays 
is allowed for by using the slope of the line. 
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Thorium Ore 
The thorium sample was a natural thorite ore from India, containing 9-61 per 
cent thorium and 0-5 per cent uranium by weight, and was obtained through the 
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Fig. 2. Variation of. ionization with area of uranium emitter 
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EMITTER AREA - SQ.MM 
Fig. 3. Variation of ionization with area of thorium emitter 


courtesy of L. F. Curtiss of the National Bureau of Standards, Washington, D.C. 
Using the results reported in the preceding paragraph, a correction was made 
for the presence of the uranium. Since the thorium was considerably weaker in 
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the intensity of its beta radiation than the uranium, larger areas of the thorium 
ore were required for suitable measurements. Because of these larger areas, the 
curve of Fig. 3 showing the variation of ionization with area is linear only for the 
smaller areas. The larger area measurements show the decrease of ionization when 
the source extends further from the centre of the chamber. 


COMPUTATIONS 
Geometrical considerations based on eq. (1), show that the measured ionization 
at a point P from that part of the radioactive material subtending a solid angle 
dw, is 
@ e~H(r—R) 
dqp = Kopf —, — e~Me® 2 dr dw (3) 
R r 
K 
ae e— “ak dw (4) 
be 


where yu is the absorption coefficient in the salt, while 1, denotes the absorption 
coefficient in air, and R is the distance from the point P to the surface of the salt. 
If the source is small and of area S, then 


dw = S cos 6/ R? (5) 


and 
dp = (Kpflu) (e~"*®/ R2) S cos (6) 


where 6 is the angle between the line joining P to the source and the normal to 
the surface. If V is the volume of the ionization chamber and e, the charge of an 
electron, then the measured ionization current is 


a 


ixe| qp dV (7) 
v 


the integral being taken over the entire volume of the ionization chamber. So 
that for a small source 


K a 
1=eS =e [ _— cos 0dV (8) 


t = (SK pf/u). F (9) 


The integral defining F cannot be evaluated in finite terms. However, by a 
combination of graphical and numerical methods, it can be evaluated for any 


particular position of the source. 
Let the value of F at a point 9 cm below the centre of the chamber be F'p. 


This was the position used for the uranium ore, so that in this case 


eS ae (10) 
b eSfF 5 SF 5 
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where qg is the measured ionization, i.e., the average ionization throughout the 
chamber. The integral function, Fy, based on the geometry of the apparatus was 
calculated to be 29-8 cm, and the total volume of the chamber, V, was 7200 cc. 

The effects of scattering and absorption of beta radiation were experimentally 
determined. Together, they introduced a correction factor of 0-995. From the 
graph of measured ionization plotted against source area for uranium, Fig. 2, 
(q/S) was 101 I/sq em, which reduces to 100-5 I/sq cm, after applying the 0-995 
correction factor. Therefore, for the uranium ore itself 


r 


Kp _ 53 9001 (11) 
be 


The value of Eve’s constant divided by the mass absorption coefficient for the 
beta radiation from the thorium ore was experimentally determined to be 13,200 
in the same manner as for the uranium ore. 

In order to measure the low radiation intensity of potassium, it was necessary 
to use extended areas of the salts, making the computations somewhat more 
involved. From eq. (9), for an extended source 


j= =e F dS 
be S 


so that 
Kp qV 


M p Fas 


where g is the observed ionization due to the potassium salt. The quantity F as 
a function of position was determined in terms of F, (the value at the centre) by 
measuring the ionization due to a “‘point source’ of radiation at various positions. 
Since F, has been calculated, this evaluates { F dS, so that all factors on the right 
side of eq. (13) are known. 

The ‘‘point source” of radiation consisted of uranium ore shielded by 75-0 
mg/sq cm of aluminium. This approximately simulated the hardness of the beta 
radiation of potassium. A small cylindrical brass holder containing the uranium 
was symmetrically placed in a large number of locations under the chamber for 
the observations. The resulting calculations for a test using only one-fourth as 
many point locations gave close agreement. 

The value of (Kp/) was calculated to be 32-9 J from eq. (13). Since the beta 
radiation from potassium arises from one nuclear disintegration, a single, constant 
value of the mass absorption coefficient could be determined, and this was found 
to be 10-3 sq cm/gm. This value is in good agreement with the results of BRAMLEY 
and BREWER (1938), who found the mass absorption coefficient for pure potassium 
chloride to be 10-4, and KuBan (1928) found a similar figure. In this case, then, 
Eve’s constant may be evaluated as 340 ion pairs/em-gm-sec. Therefore, 340 
ion pairs would be formed in a volume of one cubic centimetre each second by the 
beta rays from one gram of potassium as a point source at a distance of one centi- 
metre in air at normal temperature and pressure. 


6 





The intensity of beta ray ionization of potassium, uranium, and thorium 


Ratios oF Beta TO GAMMA RADIATION 


A comparison may be made between the beta and gamma radiation of the three 
substances measured. 

The gamma ray ionization per gram of pure radium, at a distance of one 
centimetre in air is 4-63 x 10° J cm?/gm (Hess and BaLuine, 1945) (this is Eve’s 
constant as originally defined). Now, if the radium is in an equilibrium mixture 
with its parent uranium, for every gram of uranium there is 3-40 x 10-7 gm of 
radium (Linp and Roserts, 1920). Hence, the ionization (due to gamma rays 
from the products of radium) per gram of uranium from such a mixture is 


4:63 x 10® x 3-4 x 10-7 = 1570 J cm?/gm (14) 


The gamma radiation from all the products of uranium include those from U Xg, 
the inclusion of which increases this by about 5% (Hess, Burns, and Parkinson, 
1952). Hence, Eve’s constant for the gamma rays from uranium (in equilibrium 
with all its decay products) may be taken as 1650 J cm?/gm. 

Using the value of 0-0450 sq cm/gm for the mass absorption coefficient for 
gamma rays (Hess and ROL.t, 1948), the quantity (Kp/u) for gamma rays is 


(15) 


The ratio of this figure to the corresponding figure for beta rays is of some interest, 
for it represents the ratio of ions formed by gamma rays to those formed by beta 
rays above a body containing uranium. Its value is 


(16) 


Hess (1947) measured the gamma radiation from the specimen of thorite and 
found Eve’s constant, K = 742 I per gram thorium, at unit distance, and the mass 
absorption coefficient (u/p) = 9-0418 sq cm/gm. Therefore, (Kp/u) = 17,700 J. 
Thus, the ratio of Eve’s constant divided by the mass absorption coefficient for 
the beta radiation from the thorium ore to the same quantity for the gamma 
radiation is 0-746. This is the ratio of the ionization due to beta rays to the 
ionization due to gamma rays immediately above an infinite body containing 
uniformly distributed thorite. 

The value of K for the beta rays of potassium sulphate may be compared with 
K for the gamma rays of this salt, which was found by Hess and Ro. (1948) to 
be K = 0-260 ion pairs/em-gm-sec. Utilizing the value of the mass absorption 
coefficient, (u/p) = 0-0513 sq cm/gm, determined for gamma rays from potassium 
by GLEDITSCH and GrRaF (1947), the following ratio may be written 


K 
(Ap/i)p _ 6-50 (17) 
(Kp/u), 
This is the ratio of the ionization due to beta rays to the ionization due to 
gamma rays immediately above an infinite body containing uniformly distributed 
potassium. 
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The ratios given above may be useful, because a determination of both beta 
and gamma radiation from a rock could be used to determine both the amount of 
potassium and the total amount of uranium and thorium. Thus, if g, and q, are 
the ionization due to beta and gamma rays, respectively, and if Ry, and Ry are 
the ratios of the ionization due to beta rays to that due to gamma rays for potassium 
and for uranium-thorium (i.e., Ry = 6-5 and Ry, = 1), then 

RW — Rv4,) 


ionization due to betas from potassium = = - o (18) 
Rr se Ry 


— Rvq, 
ionization due to gammas from potassium = 5 eal (19) 
Rx ‘aid Ry 


Ry (Req, — 
ionization due to betas from U and Th = — (Bd, — qs) (20) 
Re — Ry 


Rxq, — 
ionization due to gammas from U and Th = Ky ~ Ge (21) 
Rr sig Ry 


Hence, with these ratios, measurements of total beta and total gamma ray ioniza- 
tion serve to separate the four components. 


VARIATION OF IONIZATION WITH HEIGHT 


The ionization at a distance h above the surface of the earth is given by 


2nfK p 


In = P(Mgh) (22) 
b 


which follows from eqs. (2) and (9), if 
P(Ugh) = em" + gh . Bi(—pgh) (23) 


where uw, represents the coefficient of absorption in air. The function Hi(—p,h) 
denotes the exponential integral 


EFi(—p,h) = _|* le (24) 


ugh x 
0 > uwh> 0 


The values for the function g(u,h) were taken from a table by Krne (1912). 

Utilizing the beta radiation constants determined in this study and the gamma 
radiation constants previously quoted, theoretical curves of the decrease of 
ionization from the earth with increasing height above the earth are presented in 
Fig. 4 for an intermediate igneous type of rock, assumed to contain 1-4 x 10-® 
gm uranium/gm rock, 4-4 x 10-§ gm thorium/gm rock, and 1:8 x 10-? gm 
potassium/gm rock. 

It is evident that in this case very close to the surface of the earth, most of the 
earth radiation is caused by beta rays. With increasing height, the beta radiation 
falls off rapidly and then the gamma radiation predominates. Above approxi- 
mately 100 cm the contribution of beta radiation to the total ionization becomes 
negligible. 
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CONCLUSIONS 


The physical constants for beta radiation determined in this investigation, with 
an estimate of their probable errors, were: 

1. For normal potassium (not enriched), Eve’s constant, K = 340 + 20 ion 
pairs/em-gm-sec, and Eve’s constant divided by the mass absorption coefficient, 


(Kp/u) = 33 + 27. 
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Fig. 4. Variation of ionization with height 


2. For naturally occurring uranium ore in equilibrium with its decay products, 
Eve’s constant divided by the mass absorption coefficient, 


(Kp/u) = 53,200 + 3,200 


3. For naturally occurring thorium ore in equilibrium with its decay products, 
Eve’s constant divided by the mass absorption coefficient, (K p/u) = 13,200 + 800 J. 

By utilizing the gamma radiation constants determined by other investigators 
for the same radioactive substances, the ratios of the ionization due to beta rays 
to the ionization due to gamma rays above an infinite body containing uniformly 
distributed radioactive matter were calculated for uranium ore, thorium ore, and 
potassium to be 1-45, 0-746, and 6-50, respectively. 

For an ‘“‘average rock,” up to about 40 cm above the surface of the earth, beta 
radiation appears to cause more ionization of the atmosphere than gamma radiation 
from the earth. Above 40 cm, the reverse is true. 
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ABSTRACT 
An accurate method is given for the determination of the electron density distribution of an ionosphere 
layer in the presence of an external magnetic field. The shape of the layer is determined in the process 
of calculation, and is not assumed in advance. 

Estimates of the thickness and height of the maximum ionization of a layer made by determining the 
electron density distribution using techniques which neglect the magnetic field are too great by 15 to 
20%; i.e., in place of a correct scale height of 8 km, such methods yield a scale height of nearly 10 km. 
A careful application of the present procedure reduces such overestimation to 2 or 3%. 

Methods which assume a particular form of layer, usually parabolic, are subject to great possible 
errors, depending upon the degree to which the actual layer departs from parabolic form. When the 
magnetic field is neglected, the errors in thickness found in this way can be too large by a factor of two or 
three. Even when the magnetic field is considered, such methods can give thicknesses in error by a factor 
of as much as two. These methods usually give values of the height of maximum ionization which are 
much better than the values they yield for the thickness. This, however, may depend upon accidental 
fluctuations in the group path curve. 

In the present paper, the electron density distribution is determined by finding the actual heights at 
which waves of various frequencies are reflected. These true heights are obtained from experimental 
h’-f curves by obtaining the exact solution, as a convergent series of integrals, of the integral equation 
giving the group height as a function of frequency. The errors arising in the numerical work are shown by 
applying the procedure to h’-f curves obtained theoretically from layers of known shape, and such errors 
are seen to be small compared with those made through use of other procedures. 


1. INTRODUCTION 


One of the basic problems of ionospheric research is to determine the height 
variations of the electron density in an ionosphere layer. Because of the simple 
relation between electron density and reflected frequency, this problem is 
equivalent to the determination of the height at which various frequencies are 
reflected. This height is called the “true-height”’ of reflection, hp. 

Various methods have been devised by BooKER and SEATON (1939), APPLETON 
and BEYNON (1940), and others, for the determination of some of the charac- 
teristics of an ionosphere layer on the assumption that the layer is of parabolic 
form, or some other simple form. As originally proposed, these methods do not 
include the effect of the earth’s magnetic field, but they can be modified as indicated 
by FRIEDMAN (1950) and by SHinn and WHALE (1952) to include this effect. 

APPLETON (1930) and DE Groot (1930) showed that, in the absence of an 
external magnetic field, the expression for the group height, h’, as a function of 
frequency can be put in the form of ABEL’s integral equation (1881). From thesolu- 
tion of this integral equation, given by ABEL a century earlier, the true-height can be 
determined directly as an integral involving theh’-f curve. This result was discussed 
and applied by RypBEcxk (1939) (1942), PeKERIs (1940), and others, using plani- 
metric integration or other graphical procedures to evaluate the rather large 


* The research reported in this paper has been sponsored by the Geophysics Research Division of the 
Air Force Cambridge Research Centre, Air Research and Development Command, under Contract AF 
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number of integrals involved. As the method used by these workers required the 
plotting of many graphs to a new scale before the planimetric integration, it was 
clear that a more efficient procedure would be desirable. Improvements were made 
by WHALE (1951), who showed how the integrals could be evaluated rapidly, and 
without plotting secondary curves, through use of a differential analyzer. Kraus 
(1950) provided an efficient method of numerical integration obtained through use 
of the Gauss-Christoffel quadrature formula (hereafter referred to as the GC 
formula). This application of the GC formula was extended by KELso (1952), 
who obtained an even simpler procedure for the numerical evaluation of the 
required integral. These last three techniques eliminate the necessity for the 
numerous intermediate curves, and are applied directly to a single h’-f curve. 
Using the procedure given by KE Lso, it is possible to make a complete determina- 
tion of the true-height as a function of frequency, from an experimental h’-f 
curve, in about fifteen minutes using a simple adding machine. Using a sufficient 
number of points, the errors in the integration formula can be made as small as 
desired (except exactly at a frequency where the h’-f curve has a singularity, 
which is not a condition which experimental determinations of delay times are 
capable of reproducing in detail), so that the integration procedure is limited only 
by the accuracy with which the experimental curve can be read. 

All of these procedures based on ABEL’s integral equation, however, are 
restricted through neglect of the earth’s magnetic field. WHALE (1951) attempted 
to include this field by assuming that the ratio of gyrofrequency to operating 
frequency is constant, and then transforming the frequency in such a way that 
ABEL’s integral equation is again obtained. Unfortunately, an error was made in 
transforming the frequency, so that the method is not correct, although the results 
appear to be quite reasonable. 

In the present paper, we set up the complete integral equation appropriate to 
the inclusion of the earth’s field. The solution of the integral equation is then 
obtained as a convergent series of integrals. These can be evaluated by use of a 
differential analyzer, if such a machine is available. Since this equipment is rare 
in ionospheric laboratories, recourse is made to the use of the GC formula, which 
is applied three times. With this procedure, it is possible to find the height 
variation of electron density with an error which is small compared with that made 
by neglecting the earth’s field. 

This procedure is applied to three model layers so that the errors can be 
studied. In the numerical work, we use WHALE’S restriction of a constant ratio of 
gyrofrequency to operating frequency. This is not required by the mathematical 
results, but simplifies the work considerably, without introducing very large errors, 
as noted in the third example, below. In this third example, we analyze a group 
height curve for a parabolic layer as given by SHINN and WHALE, where they 
included the variation of the ratio of gyrofrequency to operating frequency. For 
such a layer with a semi-thickness of 50 km, the electron density curve deduced 
by the present procedure is displaced by about 1 to 1-5 km above the correct curve 
given directly by the model. This is to be compared with errors of up to 14 km 
obtained when the magnetic field is neglected. An experimental curve for the E- 
layer is also analyzed. 
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Although the present method improves the accuracy to a very considerable 
extent, it is, unfortunately, rather tedious, requiring about as much labour as the 
methods of planimetric integration, which, however, neglect the magnetic field. 
For this reason, this technique cannot be recommended for routine use, but rather 
it is intended for special studies where the layer shape is to be determined with 
precision. For more routine purposes, an application of the procedures neglecting 
the magnetic field, or an adaptation of the BookER-SEATON or APPLETON-BEYNON 
technique is indicated. 

This work is all carried out under the usual assumptions that the index of 
refraction is real (zero collisions) and that the electron density increases mono- 
tonically with height. These assumptions have been studied in some detail by 
RyYDBECK (1944) and MAnnInG (1949), respectively. The signal is assumed to be 
propagated vertically upward in a horizontally stratified ionosphere. 


2. CALCULATIONS IN THE ABSENCE OF THE MAGNETIC FIELD 
In this section we wish to present the Gauss-Christoffel quadrature formula, and 
then to show how it may be applied to evaluating the solution of ABEL’s integral 
equation. 


(A) Gauss-Christoffel Quadrature Formula 


Let us suppose that there is some given, non-negative, function w(x), called a 
weight function, such that over some interval a < x < }, the integral, 


(1) [ “w(e) de, 


exists. Suppose that p,(x) is a polynomial of degree n from a set of polynomials 
orthogonal over the interval (a, b) with weight function w(x); and let x; be the n 
roots of this polynomial. Then the GC formula can be stated as follows: 

If g(x) 1s an arbitrary polynomial of degree 2n — 1, then there exist real numbers 
Ay, 42, °° * , An, such that, 


b 
(2) [ obey whe) Gee = Sapte) + Agta « + - + Rigley), 


a 


The numbers i; are uniquely determined by the weight function w(x), the degree n, 
and the interval (a, b). 

It should be noted that, under the prescribed conditions, the relation in (2) is 
exact, and is not approximate. If g(x) is not a polynomial of the specified degree (or 
of a lower degree) then the right-hand side of (2) is an approximation to the integral 
on the left, and is equivalent to the result obtained by approximating, in a least 
squares sense, the function g(x) by a polynomial of degree 2n — 1 and integrating 
the approximating polynomial exactly. That such approximations can be made, 
in principle, isshown by WEIERSTRASS’S theorem (1903), which can be stated roughly 
by saying that, in a closed interval, any continuous function g(x) can be approxi- 
mated by a polynomial of degree m to within any predetermined limits, provided 
that the value of m is taken to be sufficiently large. It should be made clear, 
however, that the GC procedure does not require us to determine the approximating 
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polynomial explicitly. In the above sense, we may say that, using our n points in 
the prescribed way, we get the same accuracy obtained by other numerical integra- 
tion formulas using, say, almost twice as many (2n — 1) equally spaced points. 
The constants A; in (2) are given by, 
b 


(3) 
@ Pn (x;) (x = 
where the prime (’) denotes differentiation with respect to xz. The polynomials, 


p,(x) = > a,x', may be determined by solving the n equations, 
i=0 


n b 
(4) > a, | 2a) de = 0, j = 0,1,2,---, a —1 
k=0 a 


Since there are n + 1 coefficients, a,, we obtain the last n of these in terms of the 
first, aj. This coefficient could also be evaluated by requiring the polynomials to 
be normalized. However, this normalization is not required in the evaluation of 


A,, and we can take a, = 1. 
A detailed proof of the GC formula was given by FRIEDMAN (1950). 


(B) Application to the True Height Problem 


The GC formula was applied to the solution of ABEL’s integral equation by KELSo 
(1952), with the following result. To find the true-height at some given frequency 
f,, ie., to find A,(f,,), using experimental values of group height as a function of 
frequency, h’( f), in the absence of the earth’s magnetic field, we evaluate, 


(5) 
where 


(6) 


and where, 
(7) 


For n = 5 and n = 10, the values of cos 6, are: 
Table 1 
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Thus, to find h,(f,), we average the values of h’(f,) at a set of n frequencies 
tf. =f, cos 6,, where the cos 6, are given for n = 5 and nm = 10 in Table 1. If 
extensive use of this procedure is to be made, the process is simplified by tabulating 
the values of f, corresponding to a suitable set of frequencies f,. As an extreme 
test the author has applied the above results for n = 10 to the well-known equation 
for the h’-f curve for a parabolic layer in the absence of a magnetic field. Since the 
given function is logarithmic and has a singularity at the critical frequency, it is 
clearly not of polynomial form, so that the procedure becomes progressively worse 
as the frequency approaches the critical frequency. Carrying 10 significant 
figures gives the following results: (a) at f = 0-9f,, we get an error of 1 in the ninth 
significant figure; (b) at f = 0-95f,, we get an error of 2 in the sixth significant 
figure; (c) at f =f,, we get an error of 3-5%. 

This whole procedure has been criticized by MANNING (1953), who asserts that 
it is “‘a very rough form of integration, in error for second degree polynomials,” 
and that it is futile because of the fact that the data are obtained as empirical 
values, and, therefore, are not of polynomial form. Since these criticisms have 
been discussed and refuted in detail by SHINN (1953) and Kraus (1953), we merely 
note here that reference to the preceding paragraph and to WEIERSTRASS’S 
theorem will indicate the unreliability of MANNING’s comments. 


3. WHALE’s METHOD FOR INCLUDING THE EARTH’S MAGNETIC FIELD (1951) 


Neglecting collisions, the group height of reflection of a signal of frequency f, 
incident at height z = 0 at the bottom of a layer, and reflected at the height z,, 


is given by 
(3) wif) = [we de 


where w’ is the group index of refraction. 
In the absence of an external magnetic field, (8) may be written, 


(9) Sa 
oV1 —fXlf? 
where f,? = Ne?/am. 

In the presence of an external magnetic field, u’ can be obtained from the 
magneto-ionic equation in the manner indicated by SHINN and WHALE (1952). 
Assuming constant values of the ratio of the gyrofrequency (f}, ~ 1-5 me/s) to the 
operating frequency, these authors plotted curves of wu” versus the ratio f,?/f? for 
the various parametric values of y = f;,/f. WHALE’s approach to the inclusion 
of the magnetic field was to choose one value of y and to treat the resulting y’ 
curve as correct for some small spread of frequencies. Several such curves were 
prepared for different ranges of frequency. Such a curve is given in Fig. 1, below, 
where we use a value of y = 1/2, which is appropriate to an #-layer critical 
frequency of 3 megacycles. This curve differs very slightly from that given by 
WHALE, since it is computed for a propagation angle of 19° 8’, while WHALE used 
an angle of 23° 16’. The corresponding uw’ curve for y = 0 (no magnetic field) is 
shown dotted in Fig. 1. It should be noted that we use a reciprocal scale for yp’ 


- 
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in this figure, so that accurate estimates of values of the integrals cannot be made 
by casual inspection. 

The following description of the remainder of WHALE’s procedure is a direct 
quotation from the original paper, with interpolations in brackets by the present 
author to replace references to specific equations in the original paper. 

“The curve for y = 0 represents the conditions under which Eq. [9] holds. It 
is clearly possible to change any of the other curves into a curve of this shape by 
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Fig. 1. Group refractive index, yu’, for y = 0, y = 1/2 with propagation angle 6p = 19°8. 


altering, in a suitable way, the variable plotted along the horizontal axis. This 
can be done by replacing f by ¢(f), where ¢(f) is a complicated function of f. 
When this has been done, [the expression for u’] may be written 

/ 1 9 


= 
V1 — fo?(2)/07(f) 

“Tf it can be assumed that the function ¢ retains the same form over a small 
range of frequencies, say from y = 1/2 to y = 1/3 (the range which is normally of 
most interest in investigations of Region #) the integral may be inverted as [when 
the magnetic field is neglected].”’ 

The difficulty arising here is that to use yw’ as given above in ABEL’s integral 
equation, the variables f, and ¢ must be essentially independent. However, in 
making a transformation as described by WHALE, one obtains a quality (fy, f), 
which is a function of both f, and f, and not of f alone. Thus, after introducing the 
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above expression for yu’ into (8), one does not have the simple form of ABEL’s 
integral equation, so that the inversion of the integral is not possible in the simple 
manner indicated by WHALE. This, then, appears to invalidate his method. 


4. COMPLETE INTEGRAL EQUATION AND ITS SOLUTION 

For any given fixed frequency f, there is some curve of uw’ versus f,?/f? as shown in 
Fig. 1, for an appropriate value of y. At the given frequency, this curve is exact 
within the limitations given in the last paragraph in Section 1, provided that the 
gyrofrequency remains constant through the region considered. Thus, we can, in 
principle, obtain yw’ for any value of f, and f. Let us call this u’(fy?, f?), to emphasize 
that’ it is a function of both variables. Corresponding to any such value of 
L’(fo?, f?), we can define a new quality G(f,?, f?), as, 


2 f2 
(10) 1 (fo, f2) = Oe F)_ 
Vi - Le 
We write the variables in yu’ and G@ as squares for later convenience. As will be 
shown below, we do not need to know the actual functional form of G(f,?, f?), but 
instead will only use sets of values at a small number of discrete points. The values 
of G will be determined from (10). 
Introducing u’ from (10), (8) becomes, 


, * G(fo?, 9) 
(11 h a pee ik 
si V1 — fo2(z)/f? ; 


E(z) = fo*(2) 
(13) u(é) dé = dz 
(14) F=f. 
Then (11) takes the form, 
(15) HF) =") _ = Syne 
f 0 VF-é 


This is a form of VoLTERRA’s (1913) integral equation of the first kind with a 
singular kernel. To obtain a solution, we use a method given by Picarp (1904). 
We write, 


(16) H'(P) =f 
0 


VF — 


¥ u(é) dé . if” [G(é, F) — 1] w(é) dé 
0 


VF—Eé 


where / is a parameter. It is clear that as A — 1, (16) reduces to (15), which is the 
integral equation whose solution is desired. Let, 


(17) u(E) = Uo(E) + Auy(E) + AuQ(f) + °°: 
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and substitute this value of u(&) into (16). Equating coefficients of like powers of 
4 on both sides of the equation, we obtain, 


(18) 


and 


(19) es | & G(é, F) — 1Ju,_(é) dé 
0 VF—é 


The first of these relations has exactly the form of ABEL’s integral equation, 
and can be solved in the well-known manner. Noting from (13) and (17) that we 
can write, 


Uo(é) 
we have the solution of (18) in the form, 
2 (fo ‘h’( )d 
(20) w=] 
TT v0 Vf. 2. a 


But this is just the solution which would be obtained by neglecting the effects of 
the earth’s magnetic field. Hence the procedure in Section 2 applies. 


Now, multiply both sides of (19) by dF/V(¢ — F) and integrate from 0 to £. 


[2 _( set | 2 ee 
oVli— FI VF—é Jo VE—-FIO VF—& 


Applying DrricuHuet’s integral formula (VoLTERRA 1913, p. 36) to the left-hand 
member, we find that, 


1) } u,(é) dé i .. ia — [re = Tun -a(6) dé 
0 es pas 7 ie as oF 0 VF —E 

The left-hand member contains the Euler B-integral, 

[’ dF = 

k Ji FVF=i 


After differentiation with respect to f, (21) becomes, 





(2 


—ld dF fF [G(é, F) — Vu, 4(€) dé 


7 df Jo 7 Vt — F do a ome 
Writing, 


a dF 
0 Vt — F 
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We note that, if we replaced G(é, F) — 1 by Q(&, F), and z’,_,(&) by v(é) in the 
second integral, we would have an integral in exactly the form of (15). Thus, this 
second integral is analogous to a group height as a function of frequency. Hence, 
if G(é. F) is obtained from a curve similar to Fig. 1, for an appropriate value of y, 
this result will be exact for the given frequency. When the frequency is changed, 
the value of y should change accordingly. Therefore, the results up to this point are 
not restricted because of the use of curves such as given by SHINN and WHALE. 
In application, however, we cannot for practical reasons use a continuous range 
of y, so that we are restricted by whatever choices are made in the application. 

In order to apply the GC formula, we write (22) in the form of two integrals, 


12’ _,(aF) (G(x) — 1] dz 
ae F — [ ° mn a. ll ——<—<  —S a 
Pn 1( ) 0 V1 2 


2 , Pn—1(Yf v y *d y 
0 V1l—y? 


4 


c= EF = ff, F=f" 


To evaluate (23), we apply the method of Section 2, in order to find a GC 
formula appropriate to a weight function 1/(1 — 2)!/? over the interval (0, 1). 
Using five points, and applying direct methods to the evaluation of the constants 


from (3) and (4), 


(26) bn(f ?) = 0-1338z’,_,(2,f?) [G(x,) — 1] + 0-29922’,_, (xf?) [G(x,) — 1] 
+ 0-43822',, ,(x9f2) (G(x) — 1] + 0-53822',_,(a4f%) [@(,) — 1] 
+ 0-59052’,_,(a5f?) [G(x;) — 1], 


aa { x, = 0-0517 x, = 0-5390 2, = 09779 
| %2 = 0-2523 LZ, = 0-8125 

At this point we must now introduce the numerical values of G(z;). This 
requires us for the first time to make a definite choice of the curve of yw’ versus 
fo?/f?, since such a choice was not required previously in the derivation. We 
choose to define a w’ curve by taking a constant value y = 1/2 (reasonably suitable 
for the H-layer) and a propagation angle of 19° 8’. We then get for ¢,,_,(f?), writing 
(fo?/f?); = x;, and using (10), 


(28) — p,_4(f?) = —0-00185z’,_,(0-0517f2) — 0-021852’,,_ ,(0-2523f2) 
—0-079542’,,_,(0-5390f2) — 0-1661z’,_ ,(0-8125f2) 
+ 0-53082’,_,(0-9779f2) 


In the third example below, we use h’-f data from SHINN and WHALE, and for this 
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purpose, we choose a different ’ curve. In this case, we have a propagation angle 
of 23° 16’ and use y = 0-32828 (for a gyrofrequency of 1-149 mc/s and an critical 
frequency of 3-5 mc/s). Then, instead of (28), we have, 


(28a) $,4(f2) = —0-0014012’,,_ ,(0-0517f2) — 0-01670z’,_,(0-2523f) 
—0-062082’,, ,(0-5390f2) — 0-13622’, ,(0-8125f?) 
+.0:42042’,_ ,(0-9779f2) 


Similarly, we evaluate (24), using a GC formula appropriate to the weight 
function y?/(1 — y?)!/? over the interval (0, 1), and, for five points, we obtain, 


z,(f,) = —f,2[0-003685¢,,_,(0-1667/,) + 0-02922¢,,_,(0-5035f,) 
+ 0-089694,_;(0-6598/,) + 0-16424,_,(0-8696/,) 
+ 0-2132¢,_,(0-9851f,)] 


This relation differs from (28) and (28A) in that it does not depend upon the specific 
choice of the yw’ curve. Thus, (29) requires change only if it is desired to increase 
or decrease the number of points used in the integration. 

Then, the procedure for the determination of the true height of reflection is as 
follows: 

(a) Determine the zero-order approximation 2,)(f,) for various values of /f,, 
using the method given in Section 2, and discussed more fully by KeEtso (1952). 

(b) Using numerical or graphical differentiation, obtain the derivative, 


_ dz day 1 dz 
dt df,* Ff, df, 


2 (¢) 


(c) Plotting the result from (b) as a function of f?, integrate by use of (28), for 
a sufficient number of f? values so that a reasonably well-defined curve of ¢,(f?) 
versus f may be plotted. 

(d) Taking the same values of f, as used in (a), integrate the ¢,(f?) versus f 
curve, using (29). The result is the first correction, z,(f,). 

(e) Repeat this process using z,(f,) in the same manner as 2z,(f,,) in order to 
obtain z,(f,,), ete. 

(f) The true height of reflection at frequency f,, is then given by the sum of all 
the z,(f,), + = 0,1, 2,--- 

In general, the convergence of this process is assured, according to PICARD. 
In practice, however, the errors may tend to accumulate, so that the process must 
be terminated before the next correction step becomes negligibly small. In each 
of the examples given in the next section, all of the last values of z,(f,,) were less 
than 1 kilometre. The rate of convergence is a function of the nearness to the 
critical frequency, and in the examples in the next section, the convergence was 
slowest at the critical frequency. Thus, the range of frequencies which must be 
considered in each repetition of the above process tends to narrow with successive 
repetitions. 

As a differentiation, formula which although crude, seems adequate for most 
problems of the present type. the author has used the following equation based on 
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values at two points equally spaced about the point at which the derivative was 
desired. Thus, 


5. APPLICATIONS TO Four EXAMPLES 


We now illustrate the results of applying this procedure to four examples. In the 
first three cases, we consider theoretical h’-f curves for model layers. In the fourth 
case, we study an experimental h’-f curve for the E-layer. 

The theoretical cases are intended to test the accuracy of the present method, 
and to compare the results with those obtained by neglecting the magnetic field. 
In the first two examples, we have used the same restriction (y = 1/2) in obtaining 
the h’-f curves as was applied to the integration formula (28), so that these two 
examples are tests of the mathematical, but not of the physical, side of the work. 
The h’-f curve in Example 3 was obtained by using correct values of y for each 
frequency, so that this does form a test of the physical basis of the procedure. 

Example 1. As a first example, we consider a layer whose electron density 
increases linearly with height, and is such that a frequency of 5 me/s is reflected 
at a height of 100 km from the bottom of the layer (z = 0). Assuming y = 1/2, 
we integrate the appropriate yw’ curve in Fig. 1 in the manner described by SHINN 
and WHALE, using Simpson’s rule. For a general linear layer of slope 6, where 


o = fz, 
(30) h'(f) = 2-2906/2/B 
In the present case, 6 = 0:25, so that, 
(31) h'(f ) = 9-1642f? 
Using (5), (6), (31), with n = 5 in (5), 
zalf) == 5 Wf) = f2 5 cost 0, 
k=1 n kel 
zo(f,) = 4-5812f,2 


deo(fo) _ 512 


df,” 
Introducing this result into (28), we have just 4:5812 times the sum of the co- 
efficients, i.e. 


Then, 


do(f?) = 4:5812 (0-26149) = 1-1979 


Substituting into (29), we have —1-1979f,? times the sum of the coefficients, or, 
a(f,) = —f,?(1:1979) (0-5000) = —0-59897f,? 
Repeating this process, we get the true height of reflection, hz, 
hp = f,?[4:5812 — 0-59897 + 0-07831 — 0-01024 + 0-00134] = 4-0516f,? 


21 





JoHN M. KELSO 


The exact value in this case is hy = 4f,?, so that we have an error of about 1:3%. 
When the magnetic field is neglected, we get hp = z(f,) = 4:5812f,?, which gives 
an error of about 14-5°%. Since all of the steps in this case were carried out exactly 
the error must be due to the integral formulae used. However, this error cannot 
arise through use of (29), since only the sum of the coefficients appeared in the 
result, and this value, 1/2, can be shown to be the correct sum of coefficients for 
this formula, whatever the number of terms used in the formula. Thus, the only 
source for this error must arise due to the use of (28). This formula could be 
improved by using more than five terms, but the improvement would have to 
come through a greater amount of labour required to apply the formuja. This does 
not seem worth while at the present time. 
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Fig. 2. Electron density for parabolic layer from h’-f curve with y = 1/2. 
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Example 2. The second example to be studied is that of a parabolic layer for 
which the h’-f curve was obtained by assuming y = 1/2, and using a method 
given by SHrnn and WHALE. The layer was assumed to have a half-thickness of 
50 km, and a critical frequency of 4-0 mc/s. The true height was obtained by use 
of terms up to z,(f,,) for frequencies above 3-7 mc/s, terms up to z,(f,,) for frequencies 
above 3-2 me/s, terms up to z,(f,,) for frequencies greater than 2-2 mc/s, and terms 
up to z,(f,,) for frequencies in excess of 1-0 me/s. The electron density corresponding 
to each frequency was obtained by use of the well-known relation N = 1-24 x 104 
x f? (me/s). The resulting electron densities as a function of height are shown in 
Fig. 2. The solid curve represents the layer as defined. The circles give the values 
found by the above procedure, and the triangles show those values obtained by 
neglecting the external magnetic field, z)(f,,), found by using 10 points in (5), so 
that the errors in calculating z,(f,) are surely not greater than 0-1 km, except for 
frequencies above about 3-95 mc/s. 

Fig. 2 shows clearly that the procedure described in Section 4 gives a great 
improvement over the results obtained by neglecting the effects of the external 


magnetic field. 
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Example 3. The preceding example shows the errors in the procedure in 
Section 4 which arise through the limitations on the numerical integrations. We 
wish also to consider the errors which appear in the numerical work because of the 
physical assumption that we can restrict y to a constant value. SHINN and WHALE 
have computed h’-f curves for a parabolic layer for various values of the gyro- 
frequency and propagation angle. These computations were carried out on a 
large digital computer (the EDSAC), and are made by using the proper value of y 
at each frequency. For present purposes, we use one of their curves for propa- 
gation angle of 23° 16’, a gyrofrequency of 1-149 mc/s, a critical frequency of 3-5 
mc/s, and a semi-thickness of 50 km. We usey = fy/f, = 0-32828, so that we must 
use (284) in place of (28). Determining the true heights as in the previous example, 
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Fig. 3. Electron density determined from h’-f curve for parabolic layer given by SHINN and WHALE, 
with y varying as frequency changes. 




















we obtain the electron densities as a function of height as shown in Fig. 3, where the 
solid curve represents the assumed values, the circles are the results obtained by 
use of the procedure in Section 4, and the triangles are the values which would be 
obtained by neglecting the earth’s magnetic field. The star represents the height 
at a frequency of 0-834f,, ie., the height of maximum ionization according to 
Booker-Seaton method neglecting the magnetic field. 

Because SHINN and WHALE did not give values of h’ for frequencies sufficiently 
close to the critical frequency, we were not able to determine the true heights at 
frequencies above 3-48 mc/s. In practice, the h’-f curve could have been extra- 
polated a little, so that reasonably good values of hp at the critical frequency could 
have been determined. However, this would introduce errors not due to the 
procedure being tested, so that this extrapolation was not made. 

As seen in Fig. 3, the errors made by the present procedure were about 1 to 
1-5 km at all heights. Thus the error near the maximum of ionization is of the 
order of 3 or 4%. This may be compared with the corresponding error of about 
16% at N = 1-505 x 104 when the magnetic field is neglected. The interesting 
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effect of a nearly constant value of the error is explained by the fact that the 
errors in the numerical work arising in the use of the procedure of Section 4 
decrease with decreasing frequency, while the errors due to the assumption that 
y = 0-32828 increase as we go to lower frequencies. Also, the lower part of the 
curve is in error due to the fact that the h’-f curve was extrapolated for frequencies 
lower than 1-75 megacycles, which was the lowest frequency used by SHINN and 
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Fig. 4. Experimental h’-f curve taken 20 March 1951, 0750 LMST, with computed h7-f curve (y = 1/2). 





Wuate. By coincidence, these effects give a nearly constant error, which amounts 
to a bodily shift of the layer upwards by one or two kilometres. It is useful to 
compare Figs. 2 and 3, since the former does not contain errors due to an 
incorrect value of y. 

For comparison, the same h’-f curve was studied using the technique of 
APPLETON and BEYNON (neglecting the magnetic field) to determine the height of 
the maximum ionization, h,,, and the semi-thickness, y,,. Since we do not get 
points lying along a straight line when the points are plotted in the usual manner, 
the determination is not unique. Four determinations for frequency ranges moving 
down from the critical frequency give the results in Table 2. 


Table 2 





% Error % Error 


hm in h,, Ym IN Yn 





Correct 50 50 
40.0 20 90 80 
; 50-0 0 80 60 
APPLETON and BEYNON method 53-5 27 76 59 


57:5 35 69 38 

















SHinn and WHALE recommend that the frequencies near to 0-96f, should be used 
to obtain good values of h,,. This, in fact, corresponds to the h,, = 50, y,, = 80, 
above so that their conclusion in this respect is fully upheld in the present case. 
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It is obvious that the application of the improved technique of SHINN and 
WHALE to the present problem would give exactly correct answers. This is true 
because the h’-f curve studied here is the one on which their method is based, for 
the given gyrofrequency and propagation angle. 

Example 4. As a fourth example, we apply the present procedure to an experi- 
mental h’-f record for the H-layer made by C. H. Grace on 20 March 1951 at 0750 
LMST. Fig. 4 shows the experimental values of h’-f and the hy-f curve computed 
through use of (28) and (29). 
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Fig. 5. Electron density determined from experimental h’-f curve taken 20 March 1951, 0750 LMST. 


In computing the true heights, it was assumed that h’-f curve had the constant 
value of 102 km for frequencies below 1-7 mc/s, which was the lowest observed 
frequency. The electron densities computed with the magnetic field are shown as 
circles in Fig. 5, where the solid curve is drawn smoothly through these points, and 
the triangles show the values obtained by neglecting this field. 

The same h’-f curve was studied using various of the techniques discussed here. 
These results are given in Table 3, below. 


Table 3 
Method 





| 


N distribution 
(including magnetic field) 
N distribution 
(neglecting magnetic field) 
Suinn and WHALE 
APPLETON and BEYNON 
(all points f > 0-9 f,) 
APPLETON and BEYNON 
(points near f = 0-96f,) 
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There is every reason to believe that the first answer given here is the most nearly 
correct solution. The first two results are indicated as approximate, since no 
answer is obtainable for a frequency exactly equal to the critical frequency. 
However, these results correspond to a frequency of 0-99f,, so that the highest 
value of N shown is very near to the maximum value in the layer. 

The result given for the SHinn and WHALE technique is not quite the correct 
one for this technique. The magnetic field used in the reduction is for a propa- 
gation angle of 23° 16’, which is their angle nearest to the angle of 19° 8’ appropriate 
to the location where the data were taken. Hence, this comparison is slightly 
unfair to the SHINN and WHALE technique, but any changes would probably be 
very small compared to the errors made through lack of parabolic form of the 
layer. 
In applying the APPLETON and Brynon technique (without magnetic field), 
there was again no unique straight line. Using an average straight line through all 
the points plotted for frequencies greater than 0-9f,, we get a reasonable h,, = 107. 
However, if we use the frequencies in the neighbourhood of 0-96f, we get the highly 
improbable answer in the last line. 


6. CONCLUSIONS 


The examples have shown that it is necessary to include the effects of the earth’s 
magnetic field in calculations of the electron density distribution if accuracy of 
less than 10 or 15 per cent is desired. A method for carrying out such calculations 
which reduces the errors considerably has been presented. This method, however, 
is laborious—requiring as much as 12 hours to reduce a single h’-f curve and cannot 
reasonably be used except for a comparatively small number of cases. The study 
of such cases would be valuable in that it would give an opportunity to estimate the 
accuracy of less exact, but easier, techniques under various conditions. 

The advantage of the present electron density distribution method over the 
parabolic layer methods of APPLETON and BEYNON and of SHrnn and WHALE 
is twofold: 

(1) It gives the distribution of electron density with height, instead of simply 
indicating a parabolic fit to the region near to the maximum of the layer; (2) the 
results are obtained as an integrated effect of the experimental results over the 
entire range of observed frequencies, whereas the other methods use only a small 
part of the observed results. Slight ripples in the layer can produce quite large 
variations in the h’'-f curve. The present method takes such variations in its stride, 
and indicates the corresponding variation in the electron density curve. The para- 
bolic layer techniques, in contrast, suffer considerably in such a case, since the 
h’-f curve does not at all correspond to that of a parabolic layer. This can lead 
either to considerable arbitrariness in the result, or to a definitely indicated, but 
quite incorrect result. The wide variation in the last two lines of Table 3 is indi- 
cative of this sort of problem. 

The numerical techniques of the procedure presented here are not very good 
when the h’-f record contains very sharp cusps in the regions of interest. This is 
because the derivatives of the successive true height corrections undergo a sudden 
change of sign at the cusp. To deal with such cases, an integration formula 
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with a rather large number of points must be used. However, if the mathematical 
techniques described here were combined with the use of a differential analyzer, 
this problem should create no difficulty. 

The numerical work could be improved by obtaining various formulae (28) 
with y corresponding to several values of f used in the work. Even choosing two 
or three values of y for different ranges of f would result in an improvement. 
However, merely by using the value of y corresponding to the critical frequency, 
one can reduce the uncertainties and errors in determination of the electron density 
distribution by very large amounts, as indicated in the discussion in Section 5. 
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ABSTRACT 


An attempt is made to derive a tentative model for the equilibrium distribution of nitric oxide in the 
height range 50-100 km by considering some of the possible photochemical reactions involving ozone, 
nitrogen and oxygen (both molecular and atomic) and nitrous oxide. The distribution depends markedly 
on the types of O and N,O distributions assumed. In general, under the conditions of photochemical 
equilibrium, the maximum of NO concentration occurs within 85-95 km with a maximum concentration 
not exceeding a value of about 2 x 10!/em?. 

The problem of the formation of the D-layer by photoionization of NO by La is then discussed in 
some detail. With the NO distributions obtained in this work and the recombination coefficient model 
given by Mirra and JonEs, the process is found to yield adequate ionization for the D-layer. 


1. INTRODUCTION 


Little is known regarding the presence or distribution of NO in the atmosphere. 
The spectrum of the sun taken during a rocket flight to 55 km showed a broad 
band lying between A 2200-2300 A. This was supposed to be due to NO (DuRAND, 
1949). If this interpretation is correct, the number of NO molecules above the 
55 km level is of the order of 10!8/em*. On the other hand, Tousry (private 
conversation) has indicated that the band might well arise from NO existing in the 
atmosphere of the sun. The only other spectroscopic evidence has been provided 
by NicoLet (1948) who has drawn attention to the striking coincidences between 
some of the auroral emissions and members of the f-band system. Even if these 
evidences are considered sufficiently convincing, the question arises as to actual 
distribution of NO with height. In the past there has been a tendency for assuming 
a distribution similar to that of the main atmosphere (BaTsEs and SEaToN, 1950). 
With this assumption it was possible to deduce certain values for NO at ionospheric 
heights. Such a distribution, however, cannot be accepted without detailed study. 

Some idea about the distribution of NO may be obtained from the photo- 
chemistry of the relevant portions of the atmosphere. Such calculations for ozone 
have been found to be useful (CrRariG, 1950; JOHNSTON et al., 1952) and it was 
thought that similar calculations might throw some light on the problem of NO 
distribution. The problem can, at best, be studied only tentatively since the 
photochemical reactions that might appear in the production and annihilation of 
NO, are as yet inadequately understood. Considerable light has, however, been 
thrown on the subject in the recent works of Bates and NIco.et (1950), BaTEs 
and WITHERSPOON (1952) and BaTss (1952). 


* The research reported in this paper has been sponsored by the Geophysics Research Division of 
the Air Force Cambridge Research Centre, Air Research and Development Command under Contract 
AF19(122)-44. 

+ On leave from the Council of Scientific and Industrial Research, Government of India and the 
Institute of Radiophysics and Electronics, University of Calcutta. 
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In this work an attempt is made to derive a tentative model for the equilibrium 
distribution of NO by considering some of the possible photochemical reactions. 
This distribution has then been used to derive an electron distribution for the 
D-layer, using the recombination coefficient model of Mirra and Jongs (1953), 
the absorption cross section of Preston (1940) and WaTANABE (private com- 
munication) and the solar intensity at L, given by PIETENPOL et al. (1953) of the 
University of Colorado. 


2. DIsTRIBUTION OF NO FROM PHOTOCHEMICAL CONSIDERATIONS 


2.1 General Considerations 


There are two possible processes for the production of NO in the upper atmosphere. 
One is by the three-body recombination with O and the other by photodissociation 
of N,O into N and NO (Bamrorp, 1943; Gaypon, 1947; NicoLet, 1952). Thus, 
N+0+M +-NO+4+ M(k,) 
N,O + hy 452404 _, NO + N(45) (J) 

where MM in reaction (1) is an unspecified third body. Reaction (2) commences at 
A 2400 or slightly above (BAmMForD, 1943; Gaypon, 1947; Nicouet, 1952). In 
order that sufficient NO molecules be produced from either of the above reactions 
there should be an appreciable concentration of atomic oxygen, atomic nitrogen 
and/or of N,O at the relevant levels. 

The presence of atomic oxygen in the lower ionosphere may occur through the 
photodissociation of O, in the strong Schumann-Runge continuum beginning 
at A 1759; 

O, + hy > O(3p) + O(1p) 


and also in the weaker Herzberg continuum beginning at 4 2421: 

O, + hy > 20(3p) 
While there is some controversy regarding the level of maximum dissociation of O, 
(Bates and NIcOLET, 1950; PENNDOoRF, 1949; Raxsuit, 1947; Moses and 
Ta-You-Wu, 1952; NicoLet and MANGE, 1952), there is little doubt that appreci- 
able quantities of atomic oxygen are present in the region 50-100 km, the region 
of interest for the present work. 

The presence of atomic nitrogen in the atmosphere has been observed in the 
NI and NII lines in the auroral spectra (PETRIE and SMALL, 1952; MEINEL, 1950; 
R. BERNARD, 1939, 1941; Duray, 1943; GavuzitT, 1942). Some evidence for its 
presence in regions outside the auroral zone is also available. It is extremely 
likely that atomic nitrogen does exist in the normal atmosphere, probably as 
abundantly as in the auroral regions. Theoretically some idea regarding the possible 
concentrations of N at the relevant levels may be formed by studying the processes 
of dissociation of N,. Two such processes have been suggested in recent years. 
One is the HERZBERG-HERZBERG process (1948), according to which predissoci- 
ation of N, molecules occurs by absorption in the Lyman-Birge-Hopfield band 
in the wavelength range 1150-1250 A; 


N, + hy > N,(a'I1,) > N + N(J,) (3) 
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The second process, discussed by Bates (1950) and S. K. Mirra (1951) is 
represented by: 

N, + hy *™5_> N,+(X') + € 

N,*(X’) + € > N(2p) + N(2p) (4) 
Des (1952) has considered the relative importance of the two processes 9; various 
heights. The essential feature of his conclusion is that the two processes are 
operative at quite different levels. The HERzBERG-HERZBERG process is effective 
in the lower ionospheric regions whereas the dissociative recombination process 
is only important above about 170 km. Des’s calculations are approximate, and 
the uncertainties in the parameters involved leave some doubt about the above 
conclusion, but it should be at least qualitatively correct. Since, in the present 
work, we are concerned with heights up to about 100 km, we need only consider 
the HERZBERG-HERZBERG process (see also BATES (1952)). 

Regarding N,O, its presence in the atmosphere was first shown by ADEL 
(1938, 1939, 1941) from observations on the 7-6 uw portion of the solar spectrum. 
Further confirmations were presented by other infrared spectroscopists (MIGEOTTE, 
1950), and by the mass spectroscopic measurements of SLoBAD and KroGu (1950). 
The concentration has been found to be 2 x 10!® molecules/em? column. It is 
believed that N,O is mainly concentrated near the ground. SLoBap and Krocu 
have obtained a fractional volume of 5 x 10-7 near ground against 1 x 10-6 
deduced from the total amount in a vertical column. This has originated the 
suggestion that the nitrous oxide is produced in the soil by some micro-organisms. 
BatEes and WITHERSPOON (1952) have discussed the question in some detail. 
According to them, while N,O might originate in the soil, homogeneous gas 
reactions at low atmospheric levels might also account for the large N,O con- 
centration near ground. The only reactions which have been found suitable 
so far are: 


N,+0+ M—-N,0+ M (kg) 

O;+ N, +~N,0+ 0, (ks) 
where the parent particles O and O, may be produced with sufficient rapidity to 
compensate for the very large destruction rate of N,O by photodissociation 

occurring through 

N,O + hy +5804 , NO + N(4g) (J) (7) 
N,O + hy 23™™4..N, + O(3,0rly) (J) (8) 
The equilibrium concentrations of N, N,O and NO, subject to the reactions (1), 
(2), (3), (4), (5), (6), (7), (8), and to the following processes of destruction of N 


and NO: 
N+N+M +N, +M (ks) 


N + NO >N, +0 = (kz) 
N+iN +>N,+hv (ky) 
NO(X2I1) + hy 420802450. NO(A2Zt or C2E+) 


NO(A2E+ or (25+) —_>N+0 (J) 
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are given by 
2Jn(N,) + J,n(N,O) 
2 2 2 1 2 
“— chases . 
ykgn(O)n(M) + — 
k3(T')n(N) + Js 


kgn(N,)n(O)n(M) (lla) 
J, +d, 
ksn(Oz)n(No) (11b) 
J, +d, 
k,n(N)n(O)n(M) + J,n(N,0) (12) 
k,(T)n(N) + J, 
The coefficients k’s and J’s are the reaction rates associated with the various 
reactions and are specified under parenthesis at the end of the corresponding 


equation. The subscripts 1 and 2 appearing in equations (lla) and (11b) refer to 
two possible cases of production of N,O according to (5) and (6) respectively. 








2ken(M) + 2k, + 





m(N,0) = 


n(N,O) = 





m(NO) = 


2.2 Physical Characteristics of the Atmosphere in the Height Range of 50-100 km 
and the Values of the Rate Coefficients 
Considerable information regarding the physical characteristics of the upper 
atmosphere is now available from rocket results (see, for example, NICOLET and 
MANGE, 1952). Such information on scale height and density distribution of N, 
and O, are given in Figs. 2 and 3 (NIcoLeT and Manag, 1952; Crate, 1950; 
JOHNSTON et al., 1952). The distribution of atomic oxygen, shown also in Fig. 3, 
is, however, less certain: it has been obtained for levels above 70 km, by altering 
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Fig. 1. Height variations of the coefficients J,, J,, and K3. 
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the Mosgs-Wv results to provide a qualitative fit with the concepts of NIcoLET- 
ManGeE, and for levels below 70 km, from Bates and WITHERSPOON’S paper 


(1952). 
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Fig. 2. Height’distribution of scale height. 
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Fig. 3. Distribution of N,, O;, and O. 


In the present work we are concerned with solar radiation up to a wavelength 

of 3000 A. Results obtained from rocket measurements (TousEy et al., 1951: 
FRIEDMAN et al., 1951) in the range 1150-3000 A are given in Table 1. 

Available information about the various rate coefficieuts are meagre. The 
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values for the various k’s (shown in Table 2) are taken from literature with some 
modifications. For the three-body recombination coefficients k, and k,, the value 
5 x 10-34 Tt cm®/sec (where 7' is the absolute temperature) has been assumed 
following the three-body collision process of atomic oxygen. The coefficient ks, 
which is temperature-dependent, is obtained from BatsEs and shown in Fig. 1. 


Table 1. Solar Energy at Various Wavelengths (from rocket experiments) 





Spectral Region Solar Energy 
A erg cm-? - sec} Authority 


-eaeals 
TouseEy et al. 
TovusEy et al. 
1450-1530 —— FRIEDMAN et al. 


1230-1340 oe . TouseEy et al. 


1050-1230 . TouseEy et al. 














For k, a value of 10-?! cm/sec has been used, which is a reasonable value for the 
HERZBERG-HERZBERG dissociation process, where the nitrogen atoms produced 
are in the normal state. The coefficients k; and k, have been determined by using 
the knowledge that the total amount of N,O in a vertical column near the ground 
is about 1 x 10-§ of the main atmosphere (lla) and (11b). The values so obtained 
are: k; = 9 X 10-*7 cm/sec and k, = 5 x 10-3* cm®/sec. In order to determine 
the coefficients J’s, use has been made of the equation: 


J, =J,, exp [—A,n(X)H sec y] (13) 
where 


— Ag 
J noe gA Qa da (14) 


Ay 


In the above equations, 
A is the average absorption cross section over the relevant wavelength 
range A, to A, 
n(X) is the concentration of the active constituent at any height h 


x is the solar zenith angle 
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A, 
[ Q,, d/ is the total number of photons entering the atmosphere in the waveband 
Ay 


A, to A, 
i 
= “ied = scale height 
mg 


J, is the value of the coefficient J at the level where the relevant radiation 
is unattenuated 
The subscript r is 1 for equation (2), 2 for equation (3), 3 for equation (9) and 4 
for equation (8). 
R—ratio of energy observed to energy which would have been emitted by a 


6000°K blackbody sun. 
Table 2. Rate Coefficients 





a ra Pos rn | (ky or ke) x Tt ky hg ke 
/molecule/sec | em6/s em3/* ¢em3/s em$/s 








2-0 x 10-€ 3:2 x 10-8 1x 10-7 45 x 10-8) 5 x 10-4 10-2 9 x 10-27 5 x 10-9 





For J, and J, the values given by BaTEs and WITHERSPOON have been used 
(Fig. 1, Table 2). J, and J, have been calculated using equation (13) and (14) 
remembering that the relevant effective absorption cross sections are about 10-9 
cm? (WEISSLER e¢¢ al., 1952; CLaRK, 1952) and 7 x 10-*4 cm? respectively. 


2.3 Height Distributions of N,O, N and NO 
We are now in a position to compute the height distribution of N,O, N and NO. 

For N,O, two different distributions have been computed, corresponding to the 
cases I and II of Section 2.1. These are shown in Fig. 4. In the process involving 
O, (case 1), the concentration of N,O drops off very rapidly with height, whereas 
for the process involving three-body recombination of O, N,, M (case II), the 
decrease is slower. Further, for the latter process, there is a pronounced maximum 
around 85 km—the region of O,-O transition. The distribution of atomic nitrogen 
was obtained for the above two distributions of N,O by using a method of successive 
approximation (Fig. 6). Finally n(NO) was computed (Fig. 7a). 

It is of interest to note that photodissociation of N,O provides an appreciable 
contribution to the production of atomic nitrogen at levels below about 80 km, 
but at higher levels the contribution from the dissociation of N, by the HERzBERG- 
HERZBERG process is larger (Fig. 5a and 5b). Other simplifications occur depending 
on the levels concerned. Thus, between 75-100 km, the region of specific interest 
for D-region studies, 

J,n(N,0) < kyn(N)n(O)n(M)_ (Fig. 7b) 
J,k,n(N,O) 
n(N) 
k3(T)n(N) <J; 


< k,kyn(O)n(M) 


kn(O)n( J) 
k,(T)n(N) + J 





2k, < 2ken(M) < 
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Fig. 4. Height distributions of N,O. 
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Fig. 5a. Relative importance of photo- Fig. 56. Relative importance of photo- 
dissociation of N,O and N, in yielding dissociation of N,O and N, in yielding 
atomic nitrogen for case 1. atomic nitrogen for case 2. 
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yielding the simplified equations: 


n?(N) ~ J,[2J9n(N,) + Jyn(N,0)] 
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Fig. 6. Distribution of atomic nitrogen. Fig. 7a. Distribution of nitric oxide. 
For process (7), a further simplification occurs, namely, 
J,n(N,O) > 2J_n(N,.), so that 
J,n(N,O) 


3 


n(NO)n,(N) ~ (16) 
It may be seen that the only rate coefficients involved in these calculations are 
J,, J», k, and k,, and for the product n(NO)n(N), only k, and either J, or J,. The 
uncertainties in the range 75-100 km are, therefore, not nearly as great as one 
might initially be led to suppose. 

In calculating the effect of the solar altitude on the equilibrium concentrations 
of NO, one has to consider the changes with x of the concentrations of O, M, O, 
and N, and the various J’s. Although some seasonal variation of upper atmospheric 
density has been obtained in meteoric observations (WHIPPLE, 1949), no reliable 
estimate regarding such variation is available. One need therefore consider only 
the variations in the J’s. Such considerations show that the variation of n(NO) 
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with solar altitude is given by the factor exp (a: nH sec x) for case I of N,O- 


; A 
formation and by exp (3 nH sec 1) for case II. Since A, is small, of the order of 


10-*3 cem?, the NO-concentration is effectively independent of solar altitude for the 
latter case. For the former, however, considerable variation in n(NO) occurs 
with variation in y. 
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Fig. 7b. Relative importance of NO production through three-body recombination process involving. 
N, O, and M and through photodissociation of N,O. 


3. ORIGIN AND STRUCTURE OF THE D-LAYER 


The atmospheric constituents which are likely to be responsible for the origin 
of the D-layer are O,, Na (Jovastr and Vassy, 1941; Vassy and Vassy, 1941: 
Bates and Seaton, 1950) and NO (Nicouet, 1948). Of these the first two con- 
stituents cannot explain the characteristics of D-ionization. Thus, with O,. 
calculations using the recent value of A(O,) for the first ionization potential 
(= 5 x 10-18 cm?) (WEISSLER ef al., 1952; CLARK, 1952) show that the resulting 
ionization has a maximum at E-region heights and not at D-heights. This con- 
firms an earlier conclusion of LInDQuISsT (1952), based on studies of the sunrise 
effect in equivalent height at 150 ke/s, that the H-region is formed by ionization of O,. 
With sodium, calculations show an insufficient ionization yield, about 100/em? or 
less. and no appreciable variation with solar altitude (Fig. 9). The results in Fig. 
9 have been obtained for a sodium concentration of 3 x 103/em? at 70 km (BaTEs 


37 





A. P. Mitra 


and Massey, 1946; BarBIER, 1948) with a height distribution similar to that of 
the main atmosphere (ELvEY and FarnswortTH, 1952), absorption coefficients of 
1019 em? and 7 x 10-*4 em? for Na and air respectively, a photon flux of about 
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Fig. 8. Distribution of a and / (from Mirra and JONES). 


1-5 x 1014em-* sec~!, and for the new model on recombination coefficient and 
negative ion concentration given by Mirra and Jones (1953) (Fig. 8). These 
results are substantially the same as those of BaTEs and SEATON (1950) and cast 
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Fig. 9. Distribution of electron density from photoionization of sodium. 


doubt on the validity of the theory of “‘exhaustion”’ region recently advanced by 
BRACEWELL (1952) for the D-layer and later applied by FricKER (1953) for the 
E-layer. 

The only process left is the photoionization of NO at A < 1300, first suggested 
by NicoLet (1948) and later discussed in some detail by BaTrs and Sarton, and 
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WatTAnaBE, Marmo and Inn (1953). The fact that the L, line (1216 A) is in this 
wavelength region makes it a very interesting process, both for the normal D-region 
and for flaretime enhancement of ionization. In view of the NO-distributions 
derived in section 2 and of the fact that more accurate values of the solar intensity 
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Fig. 10. Absorption cross section of NO and O in the range 1050-1350 (from Marmo et al.; and 
WANTANABE et al.). 


























and of the absorption cross sections of the relevant constituents are now available, 
it appears worthwhile to reconsider the question. Marmo, ZELIKOFF and TANAKA 
(1952) have measured the absorption coefficient of NO between AA 1050-1350. 
Their results are shown in Fig. 10. The same figure also gives the absorption 
coefficient for O, in this particular wavelength range as determined by WATANABE 
and others (1953). It will be observed that below 1300 A there are a number of 
atmospheric windows where the solar radiation may penetrate deep into the 
atmosphere. One of them includes the L, region where WATANABE’S value for the 
absorption coefficient of O, is 1-0 x 10-?° cm? against PrEeston’s (1940) value of 
1:04 x 10-?°cm?. The coefficients of some of the other atmospheric constituents 
at L, are given in Table 3. 


Table 3. Absorption Coefficient for Various Constituents at L, 





A(N,) ' A(O) A(H,O-vapour) A(CO,) | A(air) 
| (dry CO,-free) 
cm? cm? cm? 








<1-:90 x 10-2 0 | 1:44 x 10-7 TEX I1GY ) 23 <x 16" 


PRESTON eo x 10-20 
a ree be 





| 
ee 1:00 x 10-20 10] <30 <3-00 x 10-22 — | 1-44 x 10-”” 4:3 x 10-* 
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The solar spectrum taken at a height of 81 km by means of rockets by the 
University of Colorado group (PIETENPOL et al, 1953) showed that L, is the only line 
observed below 1800 A. The estimated energy of the radiation was 0-03 micro- 
watts/em?. Since there was evidence of increased solar activity at the time at 
which the data were procured, the normal value is probably lower. It is interesting 
to note here that FrrgEpMAN and CHUBB (private conversation) have obtained a 
lower intensity in the Z, region in a more recent flight. The solar intensity was 
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Fig. 11. D-electron distribution from photoionization of NO. 


measured in the wavelength range 1180-1300 A, but the equipment was only 
sensitive near L,. The estimated observed energy was about 0-01 microwatt/cm?; 
about 1/3 the value observed in the University of Colorado experiment. According 
to FREIDMAN and CuusB this value is reliable within a factor of 2. Thus, a fairly 
safe estimate of Q, will be about 1 x 101° for the Lyman-z« region. 

In addition to the ZL, radiation Bates and SEATON have considered another 
window between 10 and 11 eV., of width about 20 A, where appreciable ionization 
of NO occurs. Although there are a number of atmospheric windows in the vicinity 
of L, (Fig. 10), it does not seem likely, however, that any of these will produce 
ionization comparable to that produced by L, radiation. This is because solar 
radiation in this wavelength range is mainly concentrated around L,. 

We are now in a position to calculate the ionization produced by NO. This 


has been done by using the equation 


A(NO)n(NO)Q, exp (—>A,n,H sec x) |# 
= k oe 
N= a) ; (17) 
a(1 + A) 

where « is the effective recombination coefficient and A, the ratio of the concentra- 
tion of negative ions to that of electrons (Fig. 8). Such calculations have been 
made for both the distributions of NO (I and II in Fig. 6). In Fig. 11, these dis- 
tributions have been plotted as a ratio of N at any level to that at the maximum; 

(N,), and (N,), correspond respectively to n,(N) and n,(N) in Fig. 6. 
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The values of N, (the maximum electron concentrations) are about 3 x 104/em? 
and 2-5 x 103/cm? respectively. Thus, in both cases, the ionization produced 
from NO is sufficiently large. It is, however, necessary to introduce a factor ¢ in 
equation (17) to take account of the fact that not all the absorbed energy leads 
to photoionization, nor does every photon act in the ways given by equations 
(4, 7, 8, 9). In addition there is the complication due to scattering. It is interesting 
to note that, in order to obtain an electron density of about 10° at 85 km, ¢ need 
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Fig. 12. Electron density distribution for complete mixing. 
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only be 2-6 x 10-3 in the second case and 1-6 x 10-1 in the first case. Thus even 
if only 16°% of the radiation is utilized in the first case or 0-3°% in the second case, 
production of ionization from NO by L, will be sufficient to explain the observa- 
tional results on long and short radio waves. These values are sufficiently low 
to be realized in practice. 

4. Discussion 


Although, due to the uncertainties in the values of the various parameters involved, 
neither the absolute values nor the distributions of electron densities given in 
Fig. 11 can be considered reliable, there is little doubt that photoionization of NO 
can yield adequate ionization for the D-layer. It is of interest to note that smaller 
values of the coefficients J,, J,, k,, and k, would not necessarily reduce the values of 
n(NO). and considerable alterations in the coefficients would be required to make 
the ionization yield negligible. 

A more serious objection would be the possibility of a departure from photo- 
chemical equilibrium. Approximate calculations show that the time required for 
equilibrium is more than 3 months at 60 km, more than 6 months at 80 km, and 
more than 2 years at 100 km, indicating that at the levels of interest a departure 
from photochemical equilibrium will occur. The case of non-equilibrium distri- 
bution of NO is complicated, and is not discussed in the present work. It is, 
however. possible to indicate the effect of a departure from photochemical equili- 
brium under the condition of complete mixing, with n(NO) following the same 
distribution as that of the main atmosphere. The ionization produced by these 
distributions is given in Fig. 12. It is interesting to note that this distribution 
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approximates more closely to the empirical distribution given by NERTNEY than 
the distributions in Fig. 11. 
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ABSTRACT 


The chemical equilibrium of sodium in the upper atmosphere is shown to lead to a peaked distribution of 
sodium atoms, the peak coinciding with the transition from O, to O. Curves for the intensity of the 
twilight emission of the D-lines are calculated for three model distributions. A study of the ionization of 
sodium by sunlight suggests that an annual intensity variation similar to the observed one should result, 
and that any evening-morning intensity difference should be greatest at the equinoxes. Observations 


are reported in another paper. 


INTRODUCTION 


Since the sodium emission in twilight was discovered by BERNARD (1938) and 
CABANNES, Duray and Gavuzit (1938), several investigators have studied its 
distribution in height. Assuming that the intensity of the emission is proportional 
to the number of sodium atoms illuminated by the sun, the distribution of sodium 
atoms can be deduced. BERNARD found that the emission disappeared suddenly 
when the shadow reached 60 km, and thus concluded that the sodium occupied a 
thin layer. CHAPMAN (1939) suggested that an exponential distribution similar 
to that of the atmosphere as a whole would lead to a similar result. This was 
confirmed by Etvrey and FarnswortH (1942), who made careful spectrophoto- 
metric measurements and found an exponential density distribution from 70 to 
115 km paralleling that of the atmosphere. 

Apparently unaware of this work and of CHAPMAN’Ss suggestion, VEGARD and 
TONSBERG (1940; 1941) and later VeGarp and KvirrEe (1945) extended the 
observations of BERNARD, aiming the spectrograph towards the zenith for one 
run, and then towards a point near the horizon for another. To make the “dis- 
appearance” occur at the same height for both runs, they had to assume that the 
shadow was cast by a layer (‘‘screening layer’) at a height of 44 km. The natural 
conclusion is that the screening layer is the top of the ozone layer and that the 
emission is excited by light in the range 2000-3000 A. Similar results have been 
found more recently by KvirTE (1949) and Cario and STILLE (1950). 

On the other hand, Bricarp and KAsTuEr, studying the characteristics of the 
emission itself, have concluded that it must be a resonance effect and must therefore 
be excited by yellow light. Ultraviolet light could only excite the emission by 
dissociating a sodium compound, and the lines would then be broad and 
unpolarized. These workers showed them to be narrow (1944) and to have the 
polarization of around 9% which was expected for resonance excitation (1950). 
They have also pointed out (1952) that the results of VEGARD and the others are 
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changed when account is taken of the distribution of density with height, the 
screening height then becoming very small. Since the sodium layer appears 
brighter near the horizon than at the zenith, the emission will last longer before 
“disappearing.”’ This error was eliminated by Duray (1947), who analyzed data 
for two evenings by taking the times when the intensity dropped to half its initial 
value. The result was a screening height of 25 km and a sodium height of 80-90 
km. He showed that this screening height was reasonable by calculating the 
transmission of the atmosphere for a horizontal beam of yellow light, taking into 
account ozone absorption and extinction by scattering. Such a calculation had 
already been made by BricaRpD and KAsTLER (1944). 

It was repeated again by BARBIER (1948), who combined the result with several 
plausible distributions of sodium atoms to give curves of intensity versus the dip 
angle of the sun. He found that a thin layer did not give a good fit to his observa- 
tions, and that the best fit was obtained with an exponential distribution of scale 
height 8 km, sharply cut off at the bottom of altitude 70 km. 

This paper examines the chemical equilibrium between sodium and the other 
constituents of the atmosphere, showing that it may be expected to lead to just 
such a distribution of free atoms as was found by Barsier. The bottom should 
coincide with the transition from molecular to atomic oxygen. The analysis of 
BaRBIER is extended to include the effects of refraction of the incident light by the 
lower atmosphere and of the diameter of the sun. Intensity curves for comparison 
with observations are calculated for the sodium distributions suggested by the 
study of the chemical equilibrium. It is shown that the ionization of sodium by 
sunlight and the recombination of the ions are probably never in equilibrium. 
This leads immediately to the prediction of an annual intensity variation very 
much like the observed one (BRICARD and KASTLER, 1944), and a diurnal variation 
which is largest at the equinoxes but cannot be larger than 54%. 

Observations and their comparison with theory are described in an accompany- 
ing paper (HUNTEN and SHEPHERD, 1954) which will be called II. 


THE CHEMICAL EQUILIBRIUM OF SODIUM 


In accordance with the arguments of CHAPMAN (1939), the important reactions 
are taken as 
NaO + O-> Na+ O, (reduction) 
Na + O,—> NaO + O, 
Na+0O0+X—>Na0-+ X 


(oxidation) 


The rate coefficients may be estimated by means of the rules given by BaTEs and 
NIcoLeT (1950). This gives 


a = 5 x 10-15 cm/sec, 
B = 1:5 x 10-" cm?/sec, 


y = 10-*? cm®/sec (or less), 
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for the three reactions. Using these, it can be shown immediately that the three- 
body oxidation is always negligible compared with the two-body at the altitudes 
of interest. Therefore, at equilibrium 


an(NaO)n(O) = Bn(Na)n(O5) 


n(Na) «a n(O) n(Q) 
eee sabi oe = 3x 10-4 
n(NaO) Bn(O3) ~~ (Og) 


The sodium will be mostly combined where the ratio of the density of oxygen atoms 
to the density of ozone molecules is less than 3000, and mostly free where it is 
greater. Since the atomic oxygen density increases with altitude while the ozone 
density decreases, the sodium is free (and therefore, observable) at the higher 
altitudes. According to the calculations of Bates and NIcOoLET (1950), the ratio 
n(O)/n(O,) reaches 3000 at about 80 km; this agrees well with the observations 
reported in II. 

If a distribution for the total amount of sodium, free and combined, is assumed, 
the distribution of free sodium may be found immediately. A plausible assumption 
is 


n(Na) + n(NaO) = n, exp (—2z/7°5) 


where z is the altitude in kilometres and the scale height of 7-5 km is a convenient 
average for the region from 70 to 100 km. Substituting for n(NaQ), one finds 


lind x Ny exp (—z/7-5) 





At the higher altitudes, the second term in the denominator can be ignored, and 
the distribution is given by the numerator. For the lower altitudes, the distri- 
butions of O and O, are required. The curves given by BaTrEs and NICOLLET can 
be approximated by exp (z/10) for O and exp (—z/5) for O,; thus 


n(Na) = k exp (—z/7-5) exp (z/5) exp (z/10) = k exp (2/6) 


The bottom cuts off with a scale height of —6km. The altitude of the transition 
between the two limiting cases has already been found. 

Other investigators have found considerably different distributions of O; for 
example, Mosss and Wu (1952) conclude that the density of O increases by many 
orders of magnitude within a very few kilometres at about 85km. The density 
of Na would then behave very similarly, and a sharp cut-off, as suggested by 
BARBIER, would result. 

Because of this uncertainty, three models (A, B and C) of the sodium dis- 
tribution have been chosen for investigation and comparison with observation. 
All have an exponential of scale height 7-5 km from altitude z, up. Model A cuts 
off sharply at z,; Model B has another exponential of the same shape for a bottom; 
and Model C has constant density from z, down. They are illustrated in Fig. 2. 
These particular shapes were chosen for their mathematical simplicity as well as 
their theoretical significance; the final results are so similar for even these three 
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widely differing models that details of shape (such as sharp breaks instead of smooth 
transitions) must be completely unimportant. 


THEORY OF THE INTENSITY VARIATION 


In this section curves of scattered intensity versus solar depression are calculated 
for comparison with observations. A preferable procedure would be to analyse 
the observations by a process resembling differentiation to find the sodium dis- 
tribution. (Such analysis is used to find the cross-section for a photonuclear 
reaction as a function of energy from experiments with betatron irradiation). 
Unfortunately, the observations reported in II are not nearly accurate enough 
for this; they can only serve to distinguish between Models A, B, and C. 

The transmission of the atmosphere for horizontal rays of yellow light was 
calculated (Appendix 1). The extinction due to scattering is easily found; since 
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Fig. 1. Geometry of the twilight situation, showing meanings of symbols. 


the ozone absorption varies, it was simply scaled from the curve given by Duray 
(1947). Two other effects, neglected by previous workers, were included. The 
first is the ‘‘smearing”’ of the shadow pattern due to the diameter of the sun. The 
second, considerably more important, is refraction, which lowers the shadow of the 
earth’s surface about 20 km and modifies the intensity distribution of the light. 
Minor approximations were made in several places to permit analytical treatment 
of the equations. The resulting transmission function is called 7'(x) where the x 
co-ordinate system moves with the shadow and has its origin at the point where 
the unrefracted shadow of the surface intersects the line of observation (Fig. 1 
and 2). Strictly speaking, the refraction varies somewhat with z, as well as with z, 
but this variation has been neglected. 
From Fig. 2 it is seen that the scattered flux will be 


K(z,) = { JT (x): a+ n(z)dx photons/cm2/sec/sterad, 


—25 
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where J, is the flux incident on the atmosphere, o is the scattering cross-section 
per unit solid angle of a sodium atom, and n(z) is the density (sodium atoms/cm*). 
The lower limit of the integral comes from refraction (20 km) and the radius of 


the sun (5 km). 
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Fig. 2. Schematic representation of the transmission function T(x) and the sodium density n(z) for 
models A, B, and C. 


Suppose first that the sodium atoms are distributed exponentially with a scale 
height H; then 


ney + 2) =mgexp (— 1% *) = ng exp (—n/H) exp (—2/H) = nq) exp (—2/H) 


K(a) = Jyon(%) ‘ie exp (—2z/H)- T(x) dx = Jyon{z,) - Z(—25) 
~25 


The integral Z(—25) is a constant (and may be evaluated numerically); the 
scattered flux thus varies with n(z,), that is, exponentially. This, however, is 
contrary to the observations, which show K to be almost constant for z, less 
than 50 km. 

A thin layer of sodium will give an intensity curve identical with the function 
T. The curves for Models A, B, and C may be found in the following way. It is 
convenient to define y = z, —z,; thenz =z,—y+ 2. y is the distance of the 
discontinuity from the unrefracted shadow line. 
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Model A. The density is zero for z less than y; above this it is n, exp (-* i : 


substituting this gives 


K(q) = Joon, exp (y/H) | “exp (—2/H)7(a) de 
y 
= Joon, exp (y/H)Z(y) 
= J,on,A (y) 
Z(y) is easily evaluated by numerical integration (counting squares) of 7'(x) exp 
(—z/H). This function is shown in Fig. 3, and it is easily seen why it is difficult to 
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Fig. 3. The function T(x) exp(—z/H) which shows the relative contributions to the total scattered light 
from different altitudes for an exponential distribution of sodium atoms. 

deduce much about the density distribution from the observations: significant 

contributions to the scattered light come from a range of about 60 km altitude. 

The maximum value of A(y) is H (for 7’ = 1). 


Model B. Below the peak the density is now n, exp (7). giving 


K(q) = Joan, [exp (w/H)Z(y) + exp (—y/H) |” exp («/H)T() de] 


= Jyon{Z(y) exp (y/H) + Z'(y) exp (—y/H)] 
7a Jyon, Bly) 
The new term is evaluated as before and added to that already found for Model A. 
The maximum value of B(y) is 2H. 
Model C. The density is constant below z,, giving simply 
y 
K(z,) = Joon, |Z.) exp (y/H) + |" Tx) de| 


7% Jyon.C(y) 


Here there is no maximum value. 
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The scale height was taken as 7-5 km for all calculations; the results are shown 
in Table 1. The difference between the three is much less than might appear from 
the table, since it is the shapes and not the actual magnitudes that are useful. 
They are much better compared by superposing their high altitude parts, which 
are essentially identical. Even at low altitudes the deviation is small. With such 
a fit, z, for B is 5 km higher, and for C 9 km higher, than for A. The curves are 
illustrated in II, Fig. 3(0). 


Table 1. Calculated results for atmospheric transmission and for the shape of the 
brightness-altitude curve with Models A, B, and C 





T(x) 'Texp(—2z/H)| Aly) (km) B(y) (km) C(y) (km) 


0 0 
60-0011 0-0157 
0-0032 0-0237 
0-0064 0-0242 
0-0126 0-0243 
0-0236 0-0236 
0-:0420 0-0218 
0-0750 0-0198 
0-120 0-0162 
0-195 0-0136 
0-36 0-0129 
0-66 0-0120 
0-88 0-0076 
0-955 0-0046 
0-98 0-0024 
0-99 0-0013 
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IONIZATION AND RECOMBINATION OF SODIUM 


The photo-ionization of sodium by solar ultraviolet radiation has been examined 
by Bates (1947), assuming that the sun radiates as a black body of rather over 
6000° K. Rocket measurements (Tousry, 1953), however, have shown that the 
intensity just below 2400 A is about nine times smaller than that of a 6000° black 
body, or very nearly ten times less than assumed by Bartess. The ionization rate 
2 is lowered to 2 x 10-5/Na atom/sec. Bates concluded that the sodium was 
mostly ionized, especially at the higher levels, and suggested that the emission 
might be brighter in the morning than in the evening due to recombination during 
the night. The most effective recombination process appeared to be charge- 
transfer between positive and negative ions, and the coefficient «’ was taken as 
10-§ cm/sec (the maximum probable value). The calculations of equilibrium have 
been repeated using the new ionization rate and the densities of sodium found in 
II. The resulting values of the fraction f of neutral atoms are shown in Table 2, 
for altitudes of 85 and 110 km and for charge-transfer coefficients of 10-§ and 10-°. 
These values are larger than those found by Bartss, of course, but the density of 
ions is still appreciable. 
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These calculations are for equilibrium during the day, but it is unlikely that 
this equilibrium is ever reached. f increases at night with a time constant 1/k 
(where k = «’n(—)), which is seen to be of order 105 sec or one day, and decreases 
during the day with a time constant 1/(i + k), which is about ha!f a day. This will 
have two observable effects: f is larger in the morning than in the evening (diurnal 
effect); and f is smallest in summer and largest in winter (seasonal effect). A 


Table 2. Fraction of the sodium atoms in the neutral state and recombination rate 
for different altitudes and different charge-transfer coefficients 











45x10 | 0-42 | 14x 10-5 
2x 10-5 | 009 | 2x 10% 
} | 

















seasonal effect of this nature has been observed (BRICARD and KASsTLER, 1944); 
it occurs in the nightglow (RoacH and Perrrtit, 1952) as well as in the twilight 
glow, suggesting that the two may be closely related. Assuming that the ionic 
equilibrium is independent of the chemical equilibrium, the changes are described 
by the differential equation 


be n(Na) = —in(Na) + a’n(—)n(Nat) 


dt 


df p 
ioe ~f + 1. —Z) 


= —k’f+k where k’ =i+k 


The solution is 
f =k/k’ + (const) exp (—k’t) 


The constant of integration is different for day and night; also, at night 1 = 0 
and k’ = k. Then 


f =k’ + Dexp(—k't) (day) 
f=1—WNexp (—k) (night) 


The boundary conditions are that f = f,, in the morning and f = f, in the evening. 
Let the length of daylight be 7 and let t be measured from sunrise; then 


fim = k/k’ + D = 1 — N exp (— 24k) (sunrise) 
f, =k/k’ + Dexp(—k’T) = 1 — N exp (—kT) (sunset) 


51 





D. M. HuNTEN 


For shortness, 7' has been expressed in hours rather than seconds, but this should 
cause no difficulty. These four equations may be solved for f,, and f,, giving 


Sm = 1 — M exp[—k(24 — T)] 
f.=1—-—M 
it exp (t7') — exp (—kT) 


where ber deemiagr sacar ar eas 


k’ exp (i7') — exp (—k24) 
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Fig. 4. Morning/evening ratio at the equinoxes. Ionization rate 1 = 2 X 10-5/Na atom/sec. 


Calculations of f,, and f, have been made for 7’ = 4, 8, 12, 16, and 20 hours, 
and for kranging from 5 x 10-5/sec down, with a view to determining k by observa- 
tion. It must be noted that absolute values of f cannot be observed; hence, the 
results presented are the morning/evening ratio for the diurnal effect, and the 
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Fig. 5. Relative intensity of the twilight emission as a function of T,, the length of the day in hours, for 
the following values of k: 1, 10-*; 2,2 x 10-*; 3,5 x 10-8; 4, 10-5; 5,2 x 10-5; 6,5 x 10-5. 


intensity relative to the value at 7’ = 12 (equinoxes) for the seasonal effect. For 
k less than about 10~-®/sec the expressions approach a limiting form which makes 
these ratios independent of k. 
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The diurnal effect, as would be expected, is largest at the equinoxes and 
approximately symmetrical about them; since it is not large even then, the ratio 
f nif. is given only for T = 12 hours. From Fig. 4 it may be seen that it is 1-54 
for the smallest values of k and approaches unity for the largest. The largest & 
in Table 2 corresponds to a ratio of about 1-35. There appears to be little chance 
of finding & from this effect, especially since k is quite likely to vary with altitude. 
However, an observed morning/evening ratio of about 1-4 would help to confirm 
the assumptions made in the analysis. It should be noted that 7’ must be cal- 
culated for an altitude of 85 km, and that here the equinoxes occur about the 
middle of February and the end of October for latitude 52°. 

Curves for the seasonal effect are shown in Fig. 5. There is evidently a better 
chance of determining k from these. At latitude 52° the range of 7’ is about 10 
to 20 hours; unfortunately, this means that the most widely separated part of 
the curves is not accessible at Saskatoon. Observations from a station farther 
north would be desirable. 

An alternative explanation of the seasonal effect has been offered by Bricarp 
and KastTLer (1944): incident sunlight may be weakened by absorption in the 
wings of water-vapour lines near the D-lines. The seasonal variation would then 
correlate with humidity instead of with the position of the sun. It might be possible 
to distinguish between the two causes, since they differ in phase by a month or two. 


CONCLUSIONS 


Discussion of the chemical equilibrium of sodium in the upper atmosphere has 
suggested that free sodium atoms should be found at altitudes above about 80 km. 
Intensity curves for the twilight emission have been derived for three simple 
model distributions resembling the theoretically expected ones. Comparison with 
observations should show which model is nearest the truth, and should yield a 
value of the altitude at which molecular oxygen gives way to atomic. Such a 
comparison is made in II (HUNTEN and SHEPHERD, 1954). 

Ionization of sodium by sunlight and recombination of the ions has been shown 
to lead to a diurnal and a seasonal intensity variation. The diurnal effect, though 
never very large, should be largest at the equinoxes; the seasonal effect, also 
rather small, is similar to what has been observed in both the twilight glow and the 
nightglow. Comparison with observations should give information about the 
validity of the assumptions made, and might give information about recombination 
coefficients. These observations are in progress, and it is hoped that the results 


will be reported at a later date. 


APPENDIX 1. TRANSMISSION OF THE ATMOSPHERE FOR A HORIZONTAL BEAM 


1. Extinction 
The transmission factor of a path of length X of air at normal density is 7’ = exp (—BX) 
where the extinction coefficient 8 = 8-98 x 10-§ cm! for 5893 A (vAN DE Huzst, 1952). 


R ; : , 
= 7n(0) J nao since 9 is small. (See Fig. Al). 
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R+h SReatene es 6? 
Now cos6é = ary Expanding in series, 1 — 


Re 
z= : s +h 


5 fo (-% 


Taking H as 7:12 km (the average value in the region fram 0 to 40km), we find 


one n(z) 
V27RH = 534 km and BX = 4-79 7™(0)" 





Fig. A2. The calculation of the refraction. 


2. Ozone Absorption 
The amount and distribution of ozone varies through the year and from place to place; 


the ozone absorption was therefore simply copied from Duray’s paper by scaling from 
his curve (DuFay, 1947). 
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3. Refraction 
This requires evaluation of two effects—the bending down of the light rays, and the 
reduction of the intensity of the light because it is spread over a larger area. It is easily 
seen from Fig. A2 that 

Az = Rdo 


At the surface, the angle of refraction o is twice the usual “‘horizontal refraction,” 
which is 35’; and it varies directly with the density. The angle ¢ changes as the sun sets, 
but an average value 7°-5 (estimated from the zenith observations in II) was used for 
simplicity. 

n(h) 


From Fig. A3, 


Az = Ah — Rd- Ao 
Az Ao 
a 











Ah 
$ 





Fig. A3. The dilution of the light by refraction. 


d a 
o = 0) exp (—h/H), + a 


and dz R Az 


The intensity must be divided by this factor. 
Since the extinction was calculated for a straight path, it is in error, but by only a 


small amount. 


4. Diameter of the Sun 


To quite a good approximation, this may be taken into account by “‘smearing”’ the pattern 
already derived over a distance corresponding to 32 minutes of arc, or about 10 km. 


5. Calculations 

Though a constant scale height was assumed to simplify the integrations and differentiations, 
h 

the actual densities were used for the ratio Oy The figures used are those of the Rocket 

Panel (1952). The transmission as a function of h was calculated as in 1 and 2, and then 

converted to a function of x as in 3. The result was plotted and smeared (part 4) by eye. 
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A study of sodium in twilight. II. Observations on the distribution* 
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ABSTRACT 


Observations of the D-lines in twilight have been made with a recording auroral spectrometer. When 
properly corrected, the horizon observations agree with the zenith ones, showing that there is no need to 
assume a “‘screening layer’’ high in the atmosphere for the exciting radiation. Comparison of the observed 
variation of intensity with curves from‘paper I indicate that the density of atomic sodium is a maximum 
at 85 + 3km and falls away exponentially above and below this. The upper part has a scale height of 
7-5 + 2 km to at least 115 km. The shape of the bottom can only be found roughly, but it is similar to 
that of the top. The peak of the sodium distribution is probably associated with the transition from 
molecular to atomic oxygen. 


INTRODUCTION 


In the past fifteen years several investigators have studied the distribution of 
sodium atoms in the upper atmosphere by observing the twilight emission of the 
D-lines. (References and a historical summary may be found in an accompanying 
paper (HUNTEN, 1954) which will be called I.) Even with a fast spectrograph, 
only 8 or 10 exposures can be obtained during a single twilight, and it has therefore 
been impossible to find more than the general features of the distribution. 
BARBIER has suggested an exponential of scale height 8 km, sharply cut off at the 
bottom of altitude 70 km. BLamont and KAsTLER (1951) have used a much more 
sensitive photometer, but they were unable to get useful results below 100 km 
because of interference from the Fraunhofer absorption lines in the scattered 
sunlight. 

We have found that our photoelectric spectrometer (HUNTEN, 1953) which was 
built for auroral studies is very suitable for observing this phenomenon. The sensi- 
tivity is enough to give one spectrum per minute; thus, thirty spectra in the zenith 
and thirty near the horizon can be obtained in an average twilight. The observa- 
tions are fitted best by asymmetrical distribution of sodium, falling off exponentially 
with scale height 7-5 km above and below a peak at 85 + 3 km. 

Some workers, especially VEGARD and collaborators, have concluded that their 
zenith and horizon observations could only be brought into accord by assuming 
that the effective twilight shadow was cast by a “screening layer” at a height of 
44 km instead of by the earth’s surface. BricaRp and KastTLER have shown that 
this result was due to the assumption that the sodium occupied a thin layer, and 
that for an exponential distribution a typical observation of VEGARD’s gave a 
screening height of 25 km. Such a height could be explained by attenuation of the 
incident sunlight in the lower atmosphere. When our horizon measurements are 
corrected for the apparent increase of brightness with zenith distance, they agree 


* The research reported in this paper has been sponsored by the Geophysics Research Directorate of the 
Air Force Cambridge Research Centre, Air Research and Development Command, under Contract 
AF 19(122)-152. 
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very well with the zenith measurements. This shows conclusively that the sugges- 
tion of Bricarp and KASTLER is correct and that there is no need to postulate the 
existence of a screening layer. 


OBSERVATIONAL TECHNIQUE 


The spectrometer was set to scan over a spectral range of about 30 A once a minute. 
Spectral slit widths of 5 A and 10 A were used. The narrower slits suppress the 
continuous spectrum and permit observations to be extended to lower altitudes; 
the wider give the greater sensitivity needed for higher altitudes. From May 1953 
on, a Polaroid filter was used to cut down the relative intensity of the continuous 
spectrum; this is possible because the sodium emission is nearly unpolarized. It 
is Of course much more effective in the zenith than near the horizon. 

Fig. 1(a) shows the appearance of a typical spectrum. The unresolved D-lines 
appear on top of the continuous spectrum which is due to Rayleigh scattering. 
As shown, the intensity J may be measured from a line drawn through the con- 
tinuous spectrum at the ends; but this must be corrected for the presence of the 


T 








all 


c 


Fig. 1. (a) Typical scan showing sodium emission on top of continuous spectrum. (b) Scan on scattered 
sunlight only, showing Fraunhofer D-line. (c) Schematic drawing showing how (a) would appear under 
very high resolution. 











Fraunhofer absorption line. Under the same scanning conditions this appears as in 
Fig. 1(b), the dip being a fraction x of C. (x has varied from 0-06 to 0-14.) The 
corrected intensity is then J’ = J + 2xC, as may be seen from Fig. l(c). Here an 
absorption and an emission line are shown as they might appear if the resolution 
were high enough to show their actual widths. The spectrometer slits are much 
wider than the whole figure, of course. The deflection J in Fig. 1(a) is proportional 
to the difference between the area of the emission line and the area of the absorption 
line, and the dip in Fig. 1(b) is proportional to the area of the absorption line. 
Therefore, the correction to J must be equal to the dip, that is, to rC. The fact that 
there are two unresolved lines does not alter this conclusion. When the shadow is 
below 20 to 30 km (depending on the resolution) the emission line drops right into 
the absorption and can no longer be measured. 

A typical evening’s observations consisted of runs at zenith distances of a few 
degrees and 75°. Zenith observations began at solar dip angles of 44° to 6° and 
ended at 83° to 9°. The spectrometer was then lowered to the horizon and observa- 
tions continued to 12° or 13°. Occasionally the horizon run was omitted or an extra 
one was made at zenith distance 85°. The order of observations was of course 
reversed in the morning. 
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So that the observations may be compared with the curves derived in I, it is 
necessary to find the altitude z, for each one-minute period. z, is the altitude at 
which the line of sight intersects the line from the sun tangent to the earth’s 
surface. This is not the shadow line because of refraction, but it is used as a reference 
because its position is easily calculated. Fig. 2 shows the situation. From the law 


of sines, 
R R+y 
sina sing ° 
a= {— 6, 
_ sing 
1 +2/R° 
R+4 


Also, sec ¢ = a 1 + 2,/R. 


6 and ¢ may be found from these two equations for any zenith distance ¢ of 
interest; then 8 = 6+ ¢. For the zenith 0 is zero and 8 = ¢. z, need only be 





sin (f — 6) 


OBSERVER 


V77~ 


HORIZON 





Fig. 2. Angles and distances during twilight. 


known to the nearest integer; it is convenient to tabulate the values of f for z, 
even and ranging from 20 to 120 km. # is found from the equation for a spherical 
triangle, which may be written 

sin 8B = cos! cos 6 cost — sin/ sin 6. 


Here / is the latitude, 6 the sun’s declination, and ¢ the local time measured from 
midnight. A nomogram for this equation has been constructed which gives results 
quickly and with sufficient accuracy. 

The apparent brightness of the layer is proportional to sec « which may be 
found from the first equation (the vAaN RxIJN equation). This factor must be used to 
correct the horizon observations before they may be compared with the zenith ones; 
fortunately it varies only slowly with altitude and a constant value 3-3 (for 
z, = 85 km) may be used. This is the correction which was omitted by VEGARD 
and other workers who used the zenith-horizon method. 


RESULTS 


A typical plot of log J’ against z, is shown in Fig. 3a. The logarithmic intensity 
scale is appropriate in view of the nearly exponential variation which is expected. 
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It has a further advantage in that it permits theoretical curves to be fitted simply 
by moving them about, with no change in shape caused by a varying scale factor. 
It will be seen that the corrected horizon data agree very well with the zenith data; 
no screening layer need be postulated. The horizon points do not appear to be 
lowered appreciably by atmospheric extinction. 

To learn something about the distribution of sodium it is necessary to try to fit 
the observations with the calculated curves from I. These were found for three 
model distributions, A, B, and C. All have an exponential of scale height 7-5 km 
from altitude z, up. Model A cuts off sharply at z,; Model B has another exponen- 
tial of the same shape for a bottom; and Model C has constant density from z, down. 
The three curves are shown with the observations in Fig. 3b. A and Bare so similar 
that it is not easy to distinguish between them, but B seems to fit somewhat better; 
C disagrees definitely. One would hesitate to choose between A and B on the basis 
of Fig. 3 alone, but all our other observations favour B in a similar manner. It 
therefore seems safe to conclude that the shape of the sodium distribution is close 


to that of Model B. 
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Fig. 3. (a) Observations of July 14, 1952, A.M. The corrected horizon intensities agree very well with 
the zenith ones. A Model B curve is shown. (6b) Observations of May 19, 1953, A.M. Curves from Models 
A, B, and C are shown; the B seems to fit best and C seems to be excluded. 


The altitude z, of the peak is that value of z, which corresponds to the point 

y = 0on the theoretical curve (See 1). This point may be marked on the curve as in 
Fig. 3, where z, = 87 and 86 km for a and 6. The results obtained to date are 
collected in Table 1. The average value of z, is 84-7 + 0-7 km, where the probable 
error has been calculated as if the errors were statistical. Some allowance should 
be made for possible systematic error, however; for example, curve A gives a z, 
about 5 km less than curve B. A final result of z, = 85 + 3 km appears reasonable. 
The density n, of sodium atoms at z, may be found if the brightness of the 
emission at the plateau is known. We have not yet measured this, but BricarpD 
and KasTLER (1944) have found it to be 8 x 108 quanta/em? column/sec/unit solid 
angle. In I it was shown that for Model B this is equal to 2J,oHn,, where J, is 
the flux of solar radiation incident on the atmosphere, a is the scattering cross- 
section per unit solid angle of a sodium atom, and H is the scale height for the 
sodium. Bates and Massgy (1946) have shown that 47J,o0 is about 
1 quantum/atom/sec, with a large uncertainty in J, because the depth of the 
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Fraunhofer D-lines is not at all accurately known. Then 7, is of order of magnitude 
104 Na atoms/cc. 
DIscUSSION AND CONCLUSIONS 

The present results may be compared with those of BaRBIER (1948) (see also the 
introduction), who was able to fit his observations using essentially a Model A 
distribution with z, = 70 km. Undoubtedly Model B would have fitted just as well, 
and would have had z, = 75 km. This result would be expected to be lower than 
ours, since no account was taken of refraction in its derivation. It thus appears that 
BaRBIER’S result is not in disagreement with our more accurate one. 


Table 1. Results found for the altitude z, of the peak of a Model B sodium distribution 





Date 


Date 





July 14/52 a.m. 
July 28/52 a.m. 
April 18/53 p.m. 
April 19/53 p.m. 
May 19/53 a.m. 
May 19/53 p.m. 
May 20/53 a.m. 
May 20/53 p.m. 


May 25/53 p.m. 


“May 26/53 a.m. 


June 5/53 p.m. 
June 6/53 a.m. 
June 6/53 p.m. 
Aug. 20/53 a.m. 
Aug. 20/53 p.m. 
Aug. 28/53 p.m. 


May 21/53 a.m. Average 














It is difficult to say how accurate our scale height of 7-5 km for the top half of 
the distribution is, or how high it extends. This particular figure was chosen as an 
approximate average for the region 50 to 70 km where it was thought the sodium 
would be found, and was retained for simplicity. From 85 to 100 km 7:0 km would 
be more appropriate, but is probably indistinguishable by observation. We feel 
that our observations indicate a scale height of 7-5 + 2 km up to about 100 km. 
For higher altitudes we must turn to the results of others. 

Those of Etvey and FarnswortH (1942), when plotted by our method, 
extend from z, = 70 to 106 km and may be fitted by this part of our theoretical 
curve. Although they scatter over an intensity range of 3 to 1, they indicate that 
the distribution extends with no very large change to 115km. Etvey and 
FARNSWORTH measured the contribution from the nightglow and subtracted it 
from their observations; this was apparently not done by BLamonT and KasTLER 
(1951) who used an ingenious and very sensitive photoelectric photometer. Such 
a background from the nightglow may account for the very large scale height of 
85 km which they found for the region 130 to 200 km. 

As for the shape of the bottom of the distribution, it is obvious that anything 
resembling Model B will be just as good, since it is almost impossible to distinguish 
between shapes as different as Models A and B. 

We conclude that the sodium is distributed exponentially with scale height 
7-5 + 2km from 85 + 3 to 100 and probably to 115 km; below 85 km it drops off 
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quite rapidly; and that the density at 85 km is roughly 104 atoms/cc. It was 
shown in I that the peak is probably associated with the transition from molecular 
to atomic oxygen; specifically, that it should be at the altitude where the ratio 
(number of oxygen atoms/cc)/(number of ozone molecules/cc) reaches 3000. The 
atomic oxygen density itself would be of order of magnitude 104 atoms/cc. 
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The intensity distribution in the second positive band system of nitrogen 
in a laboratory light source and in the aurorae 


(Received 26 January 1954) 

ABSTRACT 

The intensity distribution in the second positive band system of N, emitted from an ordinary discharge 
lamp is measured, and the relative transition probabilities are derived. VEGARD’s intensity measurements 
of these bands in high latitude aurorae are discussed, the most likely relative population of the upper 
vibrational levels (N,C*II,,) being found to be g(0) = 1-0, g(1) = 0-6 and g(2) = 0°35. It can be shown 
that the excitation mechanisms N,(!Z,+) + e > N,(C*I1,) + e or N,+(X*Z,+) + e > N,(C°II,)+hy 
cannot alone be responsible for this population. 


1. INTRODUCTION 
As pointed out by Bats (1949), the intensity distribution within a band system may give us 
valuable information about the excitation mechanism responsible for the emission. The 
total intensity of a band is approximately proportional to 
(v’) hv(v'v”)* p(v'v”) 
S p(v'v”) v(v’v")8 
4 





(1) I(v'e") =" S plo'e") = 1 
v 
where g(v’) is the population of the upper vibrational levels, »(v’v") is the frequency of the 
band, and p(v’v") is the Franck-Condon factor (which is determined by the vibrational wave 
functions). 

If we know the complete set of the y’s for the v’-progressions in which we are interested 
we can easily find the relative g(v’)’s from the band intensities. 

BaTEs has calculated theoretically the p’s for the first and second positive systems of N, 
and the first negative system of N,*+, and compared the values with data derived experi- 
mentally. The agreement is rather poor, probably because of the inaccuracy of the laboratory 


measurements. 


2. INTENSITY MEASUREMENTS OF THE SECOND PosITIVE SystEM oF N, 


Results of some new measurements of the second positive system of N,(C°I1,, — B'II,) are 
given in this paper and the p’s are derived from them by means of the formula 


‘on I(v'v")/v(v'v" 4 
(2) piv’) = ST(v'v")/v(v'v" 


In earlier measurements the intensities seems to have been determined as the “peak” 
intensity, i.e. the intensity corresponding to the maximum density (Tawpz, 1934). This 
is an unreliable method. The intensity given by eq. (1) is the total intensity of the band. 
As the resolving power, the dispersion and lens errors of the spectrograph will take part in 
the formation of the band profile, the actual distribution of the band energy on the plate 
will vary from band to band, and the peak intensities will not correspond to relative values 
of the total band intensities. 

In the new measurements a Hilger Littrow type quartz spectrograph with very broad slit 
has been used, so that each band has a continuous intensity distribution on the plate. The 
total intensity was found by integration over the whole band. As a standard, a calibrated 
tungsten band lamp from Kipp & Zonen, Delft, was adopted. Spectra from this lamp were 


taken on each plate. 
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The nitrogen light source was a Hilger discharge lamp with a quartz window. A lamp 
was selected which had very few impurities, and this proved very good. Kodak B 10 plates 
were used. These have no great variation in sensitivity from 2900 to 4200 A. The necessary 
correction for plate sensitivity is therefore small, and so are the errors. The y-value of the 
plate, however, varies rather greatly with wavelength and the H-D curve had to be drawn 
for each band. 

The results of the intensity measurements are given in Table 1, and the derived p’s in 
Table 2. The intensities of the bands with v’ > 3 were too weak to be determined accurately 
and are therefore excluded. 


Table 1. Intensity distribution in the second positive system of N, (C'Il, > BPII,) 
with Hilger discharge lamp as source 























Table 2. p's for N, C'I,, > B®II,. Derived from Table 1. 











0-044 = (0-01) 
0-21 0-108 (0-03) 
0-072 0-157 | 0-148 














Table 3. p's for N, C'Il,, > B*II,. Theoretical values (BatTEs, 1949) 








0-04, 
0-19 
0-09, 











The agreement between the values in Tables 2 and 3 seems satisfactory. The errors in 
the experimental results are estimated to be less than 5-8%, except for the (1-1) and 
(2-2) bands, which are more uncertain. The values in brackets are estimated from the 
measurements of TAWDE. 
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3. CALCULATIONS OF g(v’) FROM INTENSITY MEASUREMENTS 
IN HieuH LatiruDE AURORAE 


L. VEGARD (1932, 1933) has published intensities of auroral lines and bands, including the 
second positive system of N,. The agreement with the laboratory measurements is rather 
poor. There are several possible reasons for this. The intensities are probably ‘‘peak’’ 
intensities, and seem to have been determined chiefly in order to confirm the identification. 
The spectrograms are taken without step filter or any other intensity reduction device, so 
that all intensities on a spectrogram cannot have a density suitable for accurate measure- 
ment. The spectrographs have rather high light power, which means great lens errors and 
deviations from the expected band profiles. 

Whatever the actual reason may be we can conclude, however, that the error in any 
intensity ratio will be greater the greater the wavelength difference, and the greater the density 
difference. We should therefore suppose only the intensity ratios within any one sequence 
to be approximately correct, and put most trust in the intensity ratios which are closest to 
unity. 

All the intensities for the second positive system given by VEGARD and his collaborators 
seem to be based upon the values from Troms6 published in 1933. These are mean values 
of several spectrograms, including those described in 1932. 

From eq. (1) we get: 


I(v,'v z ”) v(v9'v y ") p(v9'v vy ") (v, v") y(v,'v") 





(3) 


2 Pw 
© T(vg'vy") o(vy'v2" 8 p(ry'v2") > p(vg'v”) v(v9'v")3 


We can thus determine the relative values of g(v’) from each sequence. ‘The intensity ratios 
derived from VEGARD’s values are given in Table 4, column 3. The intensity of the first 
member in each sequence is put equal to 1-00. The g’s, given in column 4, are then deter- 
mined by eq. (3) and data from Table 2. 


Table 4. High latitude aurorae (Tromso) 



































The intensity differences in the (0-0) sequence are too great to give reliable results and 
this sequence is therefore ignored. The intensity of the (2-3) band clearly cannot be 
trusted. The g(1) from the (1-0) band is put equal to 0-60, and the g(2) from the (2-1) band 
is then found to be 0-35. 

According to these considerations the data in Table 4 give g{0) = 1-0, g(1) = 0°6 and 
g(2) = 0°35 as the most probable values of the population of the vibrational levels of the upper 
electronic state of the second positive system of nitrogen in high latitude aurorae (T'romsé). 
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4. DIscussion 


These values differ appreciably from those estimated by Batss (1949, 1-0, 0-9, 0-8). Even 
the new estimates of the population require, however, according to BaTEs, a temperature 
of about 4000°K if the excitation mechanism should be electron impact with N, molecules 
in the ground state X1Z,+. 

It can also be shown that the process N,+(X?22Z,+) + e >N,(C%II,) + hy require about 
the same temperature. The p’s for this process are also calculated by BaTEs (1949), and the 
relative population of the N,(C%II,,) states from this process can easily be calculated: 
g(v”) = >, g(v’) p(v’v"). With the ground state of N,*+ in thermal equilibrium at 1000°K we 


0 
get g(0) = 1-00, g(1) = 0-22 and g(2) = 0-05. For very high temperatures the p’s given 
by Bates (for v’ and v” < 2 only) are not sufficient to calculate the g’s. It is, however, 
easily shown that the temperature required to give the values found in high latitude 
aurorae must be about 4000-6000°K. 

The temperature measured by VEGARD, TONSBERG and KviFTE (1951, 1952) from the 
rotational structure of the first negative system of N,*+ is about 220°. The author, who 
was Professor VEGARD’Ss assistant during this work, judges the errors in this value to be less 
than 10-20%. One seems therefore forced to admit that other excitation mechanisms may 
be at least partly responsible for the emission of the second positive system of the N, 
molecule in the aurorae. 
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APPENDIX 


After having received this paper, the Editor kindly drew the attention of the author to a 
paper by Perriz and SMALL (1952). In this paper is published a series of intensity measure- 
ments of the second positive group of nitrogen in high latitude aurorae (Saskatoon, Canada). 
The general trend of these intensities is in better agreement with laboratory measurements, 
but also these intensities at shorter wavelength are too small compared with laboratory data. 

Treating the values given by PeTriz and SMALL in the same manzier as those given by 
VEGARD, we get, however, the same mean values of the g(v)’s. 


The Auroral Observatory, Troms. A. OMHOLT 
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Sources of atmospheric and planetary energy 
(Received 30 December 1953) 


ABSTRACT 


The radiation incident upon the earth by the sun, the moon, meteors, cosmic rays, the aurora and various 
contributions to night skylight have been determined and tabulated for comparative purposes. It is 
certain that most sources of energy, other than solar, are about equal to 10!7-10!* ergs/sec. 


It is interesting to determine the energy received by the earth or expended in the atmosphere 
from various cosmic and terrestrial sources. These are listed in Table 1. With the exception 


Table 1. Energy available from various solar and terrestrial sources 





Energy . source indicated 
Ratio: 
(erg/sec) (0° normal eun 





Source 





Normal sun 104 
Full moon 1019 
Lightning 101° 
Skylight 61 x 1017 
Bright aurora 1017 
Cosmic rays 1017 
Meteors 1017 
Night (or background) 

airglow . 10}? 











of the sun’s radiation, all remaining energy sources (except that of long wave radiation, 
exchange of latent heat, etc.) are in the range 10!7-10!® ergs/sec. A discussion of the values 
is given below: 


1. SOLAR. The outstanding source of terrestrial energy is, of course, the sun, in com- 
parison with which all other sources are insignificant. Not all incident solar energy is 
retained by the planet. Since the planetary albedo (S. Fritz, 1949) is about 35-5 per cent, 
only 64:5 per cent is retained by the earth, distributed between the surface and the atmo- 
sphere as shown in Table 2. Although the results in this tabulation were derived for the 


Table 2. Disposition of solar energy (Northern Hemisphere) 





Percent | Percent 





Incoming radiation received at top of atmosphere 
Radiation reflected and scattered to space 
Radiation absorbed by the atmosphere 


Radiation absorbed by the earth’s surface 
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Northern Hemisphere (J. Lonpon, 1951), they probably apply fairly closely to the planet 
as a whole. The albedo in the Southern Hemisphere may be somewhat greater because of 
the greater water surface (SVERDRUP, 1943; Brunt, 1939) but this increase may be offset by 
a decreased total cloudiness (HEwson, 1943; NErBURGER, 1949; ALDRIcH, 1919). The 
radiation retained by the atmosphere is absorbed principally by three constitutions 
(Dosson, 1942; Craic, 1950; HuELPER, 1943): (a) water vapour (10-5 per cent); (b) ozone 
(2-5 per cent); and (c) liquid water mainly in clouds (1-5 per cent). This radiation is 
generally in the infrared region of the spectrum although some of the incident ultraviolet 
radiation is also absorbed. The total energy absorbed at the surface of the earth includes 
direct insolation as well as that transmitted through partially opaque forms (clouds, etc.) 
and that scattered downwards by molecules and dust. 

As the net energy balance of the planet is zero, the retained energy is eventually returned 
to space in the form of long wave radiation. However, prior to the escape of this radiation 
to space an elaborate energy exchange between the atmosphere and the earth’s surface 
occurs. 

The value of the solar constant has been studied for a number of years and is generally 
considered to be 1-98 gm calories/em? min (NicoLeT, 1951). However, recent rocket 
measurements indicate that the value may be 2-04 gm calories/cm? min (Gast, 1953). 
Employing the former value, the energy received on a disk tangent to the subsolar point 
and located outside the atmosphere is 1-76 x 1074 ergs/sec when the radius of the disk 
equals the radius of the earth. If the planet is considered, the disk radius equals that of 
solid earth plus atmosphere; the energy deposited in this case is 2-35 x 104 ergs/sec. 

2. LUNAR. As the solar energy absorbed by the moon is much less than one per cent, 
the energy directed earthwards (either by radiation or reflection) by the lunar surface is 
essentially the solar energy received by the moon. The total energy received by a disk 
(whose radius equals that of the moon) tangent to the moon at the subsolar point is 
1-12 x 107% ergs/sec, from which the energy intercepted by the solid earth is 3-09 x 101% 
ergs/sec, and by the earth and its atmosphere, 4:15 x 10!* ergs/sec. It should be noted 
that on this basis the ratio of (lunar/solar) energy is 1-76 x 10-5. 

On a luminous basis the results are somewhat different. The sun’s brightness is con- 
sidered equivalent to 150,000 candles/cm? and that of a full moon 0-37 candles/cm?; thus 
the brightness ratio (moon/sun) is 2-47 x 10-§. It might be mentioned that the moon’s 
albedo is only 7 per cent, and that its brightness at half-moon is only one ninth that of the 
full moon. 

3. LIGHTNING. It has been estimated (IsREAL, 1942) that an average lightning 
stroke requires 1-60 x 1017 ergs and that 100 lightning strokes/sec occur over the earth’s 
surface daily (WiLson, 1929). On this basis the energy dissipated in electric discharges 
over the globe is at least 1-60 x 101° ergs/sec. 

4. METEORS. The total meteoric mass impinging upon the terrestrial atmosphere is 
about 1-16 x 10*gm/sec. As the average speed of a meteor may be taken as 5-0 x 108 
cm/sec, the kinetic energy dissipated by meteors (WHIPPLE, 1952) in the terrestrial atmo- 
sphere is 1-44 x 10!’ ergs/sec. This energy is distributed as heat: light: ionization 
(HEeRLOFSON, 1948) in the proportion 104 : 10? : 1. 

5. NIGHT AIRGLOW. The night airglow may be considered to consist of background 
residual emission which exists constantly in the atmosphere. During twilight periods, the 
airglow emissions are strongly augmented, and during daylight very much enhanced over 
the background airglow because of the absorption of sunlight. This background (or residual) 
airglow remains at night, where it is defined as the night airglow. In determining the 
energy of the night airglow, the following were considered to be average values for the 
specified transitions/em? column (RAYLEIGH, 1930; CERANIAJEV et al., 1936; J. CABANNES 
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et al., 1938; Roacu, 1950a; Bares et al., 1950; Roacu et al., 1950b; Huxsurt, 1951): 
5577 A—2 x 108; (b)6300 A—1 x 107; (c) sodium D-lines—5 x 107; (d) OH bands (from 
4600 A—11,600 A)—6 x 10°. Using these values the average energy of the background or 
night airglow is 1-12 x 101’ ergs/sec over the entire hemisphere (sunlit and dark) if the 
mean emission altitude is about 100 km. 

It may be of interest to note that the total intensity of the night skylight is of the same 
order of magnitude as that of the night airglow. Table 3 indicates several estimates of the 


Table 3. Sources contributing to the intensity of the night skylight 





CABANNES BARBIER New 
(1951) (1947) estimate 





Airglow: Resolved bands 
Skylight: Continuous background 

Unresolved stars 

Extra galactic light 

Zodiacal light 

Galactic light 

Unknown origin 

Scattered light 


1 bo 
on 


aad bo 
or or Or Or Gr Or 

















* Light scattered by the atmosphere but arising from other sources; e.g., the resolved bands, 


galactic and zodiacal light. 
t Band wings. 


sources contributing to the night skylight intensity (CABANNES, 1951; Murra, 1952; 
BaRBIER, 1947). The last column is an estimate of the best probable values. The latter 
were determined after consideration of the work of MrEINEL (1953) and OLIVER and 
CHAMBERLAIN (1953) in resolving part of the continuum attributed to the night skylight. 
On the basis of the new estimates, the energy received from the skylight on both the dark 
and light hemispheres of the earth is 2-61 x 10! ergs. 

6. AURORA. The visual intensity of a bright aurora has been considered to be 100 
times as intense as that of the night skylight in the green region (A = 5577 A). (The aurora 
has no strong OH radiations.) It was assumed that the aurora is emitted simultaneously in 
the Northern and Southern auroral zones, in the daylight as well as in the darkened 
hemisphere. The auroral zone is defined as the zone 10° wide located at an average distance 
of 23° from the geomagnetic poles. On some occasions very bright aurorae having a luminous 
intensity equal to that of the full moon have been reported. If this brightness occurs 
everywhere throughout both auroral zones (which is doubtful) the energy may be greater 
than that listed above by a factor of about one hundred. 

7. COSMIC RAYS. To determine the energy introduced by cosmic rays, it is assumed 
that they arrive with about 20 x 10° eV/cm? sec everywhere over the surface of the 
earth. The total energy thus admitted is 1-63 x 101” ergs/sec. 
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Controls of geomagnetic activity by sunspots 


(Received 13 December 1953) 


ABSTRACT 
Radio and geometric properties of sunspots are shown to provide a useful basis for forecasting magnetic 


activity. 

Controls of geomagnetic activity by sunspots were recently demonstrated in two independent 
ways. 

(a) It was first pointed out (DENIsSE, 1951, 1952, 1953) that an average increase of 
geomagnetic activity follows the central meridian passage (C.M.P.) of sunspots that are 
sources of strong radio noise (R spots). On the contrary C.M.P. of sunspots that do not 
show any noticeable radio emission (Q spots) are followed by a regular decrease of magnetic 


activity. 
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(6) It was also shown (BECKER, 1953) that a similar decrease of magnetic activity occurs 
when two spots, or groups of spots, of comparable degrees of evolution, are symmetrically 
located on the disc with respect to the solar equator. 

In all cases, the induced variation of magnetic activity is a maximum during the period 
of two or three days following the C.M.P. of the corresponding spot. 

About one third of the R and Q spots selected in (a), belong to one of the symmetrical 
pairs considered in (5). In such occasions it is found, as expected, that both effects are 


R' 
“XN 














Days 


Fig. 1. Mean value of the magnetic figure C for 5 days preceding (—) and 8 days following 
(+) the C.M.P. of different kinds of sunspots selected as explained in the text. 


added for Q spots and opposed for R spots. An interesting point is that, when both effects 
are combined together, the probabilities of finding either a quiet day or a disturbed day, 
according to the situation, are large enough to be profitably used for short term forecasting 
of magnetic and probably ionospheric activity. 

Fig. 1 summarizes the results obtained for the three years period 1948-49-50. The 
mean value of the international magnetic figure C is plotted according to the superposed 
epochs method for days following and preceding the C.M.P. of each selected spot. 

Controls by R and Q spots described in (a) are illustrated by curves (R) and (Q) which 
correspond, respectively, to 114 R spots of types D, FE, F, and G (following the BRUNNER 
classification) and to 107 Q spots of types FE, F, G, and H. 

Curve (R’) is related to the 82 R spots that do not belong to symmetrical pairs. The 
subsequent increase of magnetic activity is very large at days +1, +2, and +3, and can be 
compared with the weak maximum, barely significant, shown by the (RP) curve derived 
from the 32 R spots that are part of symmetrical pairs. 

Curve (QP) is related to the C.M.P. of 39 quiet symmetrical pairs; it shows a very 
pronounced decrease of magnetic activity occurring mainly at days +2 and +3. The 
decrease seen on the (Q’) curve, plotted with the 68 quiet spots left, is much less marked 


but quite regular. 
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Research notes 


Table 1 gives a numerical account of the preceding results. It indicates the percentage 
of the time when the magnetic figure C is included between given limits, during days +2 
and +3 after C.M.P. of Q’ and QP spots and during days +1, +2, and +3 after C.M.P. 
of R’ spots. Cm = 0:7 is the mean value of C during the three years. 


Table 1 





C <0°5 














All days 




















Number of cases (in %) where the magnetic figure C takes values included in the limits indicated on 
the first line: 
for days +2 and +3 after C.M.P. of a QP spot, 
for days +2 and +3 after C.M.P. of a Q’ spot, 
for days +1, +2, and +3, after C.M.P. of an R’ spot, 
for days taken at random. 


Particularly worthy of notice is the very regular decrease of magnetic activity following 
the passages of Q’ and specially QP spots; probabilities of finding a quiet day (C < 0-7) 
or even a very quiet day (C < 0-5) are very large; on the other hand, the perturbed days 
(C > 1-0) are practically absent during those periods. 

The increase of magnetic activity related to R’ spots is less regular, but far more 
frequent than for days taken at random. It corresponds either to magnetic storms showing 
well defined sudden commencements, or to periods of moderate activity (0°8 <<C < 1:8) 
with no 27 days recurrence tendency. 

Obviously, the efficiency of forecast founded on such effects varies strongly according 
to the phase of the solar cycle. For periods similar to the one considered here it seems 
possible, each year, to forecast on an average, about 80 perturbed days and 75 days 
particularly quiet. 

Upo BEcKER, 
Fraunhofer Institut, Freiburg i. Br. Schauinsland 


JEAN FRANCOIS DENISSE, 
Observatoire de Meudon, Meudon (S & O) 
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ABSTRACT 

Reasons and methods of identification are given for the recognition of an independent layer at 90-100 km 
height. It is suggested that the ionisation in this layer results from the impact of meteors on the atmos- 
phere and that it may therefore be called the meteoric E-layer. The distinctive properties may be used to 
extend the use of the ionosphere for intermediate distance radio communication. 


1. INTRODUCTION 


A considerable amount of evidence has accumulated in recent years to indicate 
that the ionisation observed in region-E of the ionosphere by radio methods is due 
to a variety of causes. APPLETON and NAISMITH (1935) presented evidence which 
indicated the separate existence in this region of ionisation due to solar ultra-violet 
light and that due to other causes. The region in which the former occurs is now 
known as the normal E-layer and in the latter as the sporadic H-layer. 

In a later communication (APPLETON and NaIsMITH, 1947) the same authors 
suggested a further sub-division of the sporadic Z phenomenon by recognising 
the separate existence of short bursts of ionisation which were identified in the same 
communication with the incidence of sporadic meteors. The term “meteoric 
layer” has already been suggested (HEY and STEWaRT, 1947) as a name for the 
ionisation formed in this manner but, since it is physically situated within the 
region-# it would appear preferable to qualify the title to indicate this and the 
term ‘‘meteoric H-layer’’ seems to be appropriate. This would leave the term 
“sporadic H-layer’’ to denote ionisation in region-H# other than that due to ultra- 
violet light or sporadic meteors. We could then denote the highest frequencies on 
which these three types of region-H echoes occur at vertical incidence, namely, 
ultra-violet, meteor and sporadic by the symbols fH, fE'm and fEs respectively. In 
the following paper evidence is given to show that these phenomena can be sep- 
arated and hence that this suggestion is practicable. 


2. Tue Meteoric E LAYER AT VERTICAL INCIDENCE 


(a) Identification 

The three types of region-H echoes described above may be observed at vertical 
incidence with the normal type of ionospheric recorder. Examples of them are 
shown in Photograph 1. The variation of the echo pattern over the frequency 
range 2-6 to 5 Mc/s is shown at (A). The variation of the Hm and Es echoes with 
time on a single frequency of 4-2 Mc/s is shown at (B). The same observation is 
repeated on the higher frequency of 4-6 Mc/s which demonstrates how the greater 
separation existing between the Hm echo and the extraordinary component of the 
Es echoes enables the former to be clearly identified. It also shows the existence of 
appreciable reflections at these lower levels. The three records were taken 


immediately following one another. 
The case for the separate identification of the meteoric H-layer rests to a large 
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extent on the feasibility of separating the echoes denoted fEm and fEs above. 
When the records are less clear than those reproduced in Photograph 1 there are 
general features which still enable this identification to be made. The inter- 
mittent character of the Em echoes is probably the best guide. Another is the low 
reflection coefficient which makes it rarely possible to see a second reflection. 
There have been no observations of Hm ionisation obscuring reflections from or 
above the normal #-region. Over the range of frequencies on which Em echoes are 
observed the height of reflection is extraordinarily uniform and no group retardation 
effects are ever observed (see Photograph 1). 

Sources of ionisation not immediately overhead may also produce Em echoes. 
When these are observed their ‘“‘height”’ will appear to be greater than the true 
height, the amount depending upon the amount of deviation present. 

The above identification of the meteoric #-layer is based on the appearance of 
the echoes obtained from it on the normal type of ionospheric recorder. As indicated 
in (g) below the layer was also identified when special equipment was used. 
Watson (1941) records that “the average heights at which meteors appear and 
disappear are well known from scientific visual observations. For ordinary 
meteors the heights of appearance are consistently near 95 km.” This may be 
compared with the heights of 90-97 km observed in the course of Loran measure- 
ments described in Section 3 below. 


(b) Limitations in recording 

The conclusions reached in this paper are based almost entirely on measurements 
made in Great Britain but they are believed to be generally applicable. In parts 
of the world where the background noise level is particularly high greater power 
would be necessary to establish the existence of the meteoric H-layer. Also, in 
polar regions there is a substantial amount of ionisation in the sporadic region-H 
which is associated with some form of particle ionisation so that once again it 
would be more difficult to separate completely the ionisation due to sporadic meteors. 
It therefore appears that measurements made in Great Britain are particularly 
suitable for the establishment of the separate existence of a meteoric E-layer. 

Fhe highest frequency (f£s or fEm) on which echoes of the sporadic type are 
observed from the lower part of region-E will depend upon the amount of inter- 
ference present, the degree of absorption, the power of the transmitter and the 
sensitivity of the receiver. For this reason comparisons of measurements using 
different equipments are seldom satisfactory and it is impossible to compare 
measurements from different parts of the world. Even on the same recorder the 
varying sensitivity with frequency will cause the observed values of fEs and fEm to 
appear more often on some frequencies than on others. A change of aerial, too, 
may cause a variation in the response on certain frequencies. 


(c) Measurements to be discussed 

The measurements discussed below were made during the routine hourly observa- 
tions on the ionosphere at the Radio Research Station, Slough. They are, therefore, 
not a continuous observation but should be regarded as a sample observation made 
during a period of five minutes centred on each hour. 


74 





‘tT HdVYDOLOHd 


OH3D3 adAL YOSLIW “bh HdVYDOLOHd 


eerie eee 


PARAL 


I 


3NOION3N «=—_«-39- NOND 38 NOISY 
Oveods = 1403.13" AWWUON 








A subsidiary layer in the Z region of the ionosphere 


Although ‘“‘trailing echoes” from heights near 100 km have been observed at 
Slough for many years (APPLETON et al., 1939) instrumental difficulties have pre- 
vented their separation from other forms of Hs with certainty. About three years 
ago special adjustments were made to the Slough recorder to enable reliable records 
of these weak echoes to be obtained and there are, in consequence, over 25,000 
hourly measurements now available. This is considered to be an adequate sample 
to illustrate the features described below. 
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Fig. 1. Seasonal variation in the percentage of time fHs was recorded. 
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It has been shown in the introduction that until the separate existence of the 
meteoric H-layer is accepted it is necessary to regard it as part of the sporadic 
E-region. A close examination of the records obtained since the alteration to the 
recorder shows that meteoric H-reflections are observed on higher frequencies than 
the remainder of the sporadic EH-reflections for 70% of the occasions when any 
sporadic H-echoes are present in summer and for 95% of the occasions in winter. 
(Using the symbols with the meaning attached to them in the introduction, fEm 
is greater than fEs for 70% of the occasions in summer and for 95% in winter.) 

This is a sufficiently great predominance of the meteoric H-phenomenon to 
enable the already published values of fZs to be interpreted as predominantly a 
measure of meteoric H and to use them as such to discover the main features of the 
variations in meteoric Z. The data presented in Figs. 1 to 4 is based on the total of 
all sporadic H-echoes observed during three years. It is probable that part of the 
summer maximum shown in Fig. 2 is due to some form or re-distribution of Es 
ionisation. There is, for example, an increase in sporadic E-ionisation in the 
southern hemisphere also in local summer. 


(d) Seasonal variations 


The percentage of all hours in the month during which Hs echoes were recorded on 
any frequency is plotted in Fig. 1. It is probable that the phenomenon actually 
occurs more often than is shown on this graph since excessive interference and 
absorption would decrease the percentage. It will be noted that there is no marked 
seasonal variation in this quantity. 

The same observations are plotted in Fig. 2 to show the mean frequency of fs 
for each month. This frequency, of course, depends on the peak power radiated 
which, in this case, is about 1 kW. The marked enhancement of fHs during the 
summer months is well known and occurs at the same season in the southern 
hemisphere. It is during this period that it is most difficult to read the value of fE'm. 
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(e) Diurnal variations 

The diurnal variations are now considered. The number of observations shows a 
marked night-time dip starting at 1800 U.T. and reaching a minimum just before 
2200 U.T. from whence it rises steadily to a maximum value of 96% at 0400 U.T. 


The curve is plotted in Fig. 3. 
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Fig. 2. Seasonal variation in fEs. 


The marked diurnal variation of fZs averaged over the year and shown in 
Fig. 4(c) reaches the maximum value of roughly 5 Mc/s at noon and drops to 3 Mc/s 
at midnight. This diurnal variation appears to be quite definite and the times of 
maximum and minimum do not change markedly with season. The same minimum 
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Fig. 3. Diurnal variation in percentage of time fEs was recorded. 
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value of 3 Mc/s is recorded at midnight in June and December, Fig. 4(a) and (5) but 
the maximum around 1200 L.M.T. in June is twice the midnight value and is con- 
siderably higher than the corresponding December maximum. In this connection 
it must be recalled that this layer is embedded in a part of the ionosphere which is 
also subject to solar influence during daylight. Thus the resultant ionisation 
depends both on the incidence of the phenomenon and on the response of the 


atmosphere. 


(f) Daily variations 

The number of hours each day during which fHs was recorded in the months of 
January 1949 and February and March 1950 is plotted in Fig. 5. The values of 
fEs averaged over the day for the same months are plotted in Fig. 6. The five 
international magnetic disturbed days occurring in each mouth and the dates of 
central meridian passage of sunspots are marked on both Figs. 5 and 6. There is 
no indication of any direct association with either quantity. 
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Fig. 4. Diurnal variation of fEs (a) in June (6) in December, and (c) averaged over year. 
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Fig. 5. The number of hours {Es was recorded each day (a) in January 1949, (b) in February 1950, and 
(c) in March 1950. 
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Lastly, the effect of solar flares is considered. Since this effect will be most 
pronounced around noon and will not occur at all during the hours of darkness only 
the five hours centred on noon have been considered. This gives a total of 2730 
hours of observation from January 1949 to June 1950, the period of the analysis. 
Only solar flares which started or were in progress at the time of the ionospheric 
measurement have been considered. This gave a total of 146 for the period giving 
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Fig. 6. The value of fEs averaged over the day (a) in January 1949, (b) in February 1950, 
and (c) in March 1950. 

a coincidence with the radio observation of under 5%. The analysis shows that out 
of the above 146 occasions there was no apparent effect on 127 occasions. Marked 
absorption or 8.I.D. fade-outs were observed to coincide on 10 occasions and there 
were sudden substantial increases in fs values on 7 occasions. Solar flare phen- 
omena are therefore unlikely to account for any appreciable reduction in the number 
of echoes recorded and do not affect the daily variations. 


(g) Observations using high-power transmitters 
The peak power used in the above observations was slightly less than 1 kW and 
the minimum recorded echo was about 1 ~V/m. 

Using higher power (2:3 kW) and a tuned aerial with maximum power radiated 
upwards APPLETON and PIDDINGTON (1938) recorded the same type of echo on a 
frequency of 8-8 Mc/s and succeeded in measuring the equivalent reflection 
coefficient. This appears to lie most frequently within the range 0-0005-0-005. 
MoHANTY (1938) continued the investigation and recorded the same type of 
echo on a frequency of 16 Mc/s. The short bursts of ionisation referred to in the 
introduction (APPLETON and NAISMITH, 1947) were also recorded at vertical 
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incidence. The power on this occasion was about 100 kW and the frequency was 
27 Mc/s. One of the longer duration echoes recorded on this frequency is shown in 
the second photograph. The typical ‘‘arrow head” appearance of the meteor echo 
is apparent and in this case the ionisation lasted for 34 minutes. Several other 
echoes of only a few seconds duration are also visible. (The lower traces on the 
record are due to reflections from aircraft.) Observations have also been recorded 
on 73 Mc/s of meteor echoes at vertical incidence by Hry and Stewart (1947). 
The number of echoes observed per hour was naturally small on this very high 
frequency. 

It must be stressed that because the ionisation in the meteoric clouds is at times 
very high and the reflection coefficient very low the ionisation bursts may only be 
observed at vertical incidence on the higher frequencies referred to above when 
high power is available. 

From observations on frequencies between 1-6 and 4 Mc/s, DremincEr (1952) 
reported a close connection between the absorption of short radio waves and the 
height of echoes received from a region extending downwards from the H-layer to 
about 70 km. He has also observed solar control to be operative in this region. 
Although this part of his observation has little relation to the subject of this paper, 
his further observation that the daytime echoes merge at sunset to form a region at 
95 km with meteoric dust as the source of its ionisation could refer to the Hm layer 
discussed in this article. 


3. OBLIQUE INCIDENCE OBSERVATION 


Studies of the results obtained in the use of the long range navigation system known 
as “Loran” show (NaIsMITH and BRAMLEY, 1951) that, for transmission on 2 Mc/s, 
a fairly well-defined region of reflection lies between 90 and 97 km and this is 
identified with the meteoric H-layer. There is, as yet, little evidence on the higher 
frequencies to show the nature of oblique transmission by this layer but it is one of 
the objects of this communication to indicate the possibility of using this layer for 
intermediate distance radio communication when high power is available. 

In particular it is necessary to study the manner in which the signal strength 
varies with the radio frequency used, with the power of the transmitter and with 
the distance apart of the transmitter and receiver. 


4. DISCUSSION 
The evidence which has been obtained at vertical incidence indicates the existence 
of a fairly well-defined layer of ionisation possessing certain characteristics which 
may have important practical applications. Some of the characteristics already 
mentioned may be summarised thus: 


(a) Vertical incidence 

1. Echoes from this layer have an apparently intermittent character and exhibit 
definite characteristics when recorded by the normal routine ionospheric recorder 
(e.g. Photograph 1). 

2. The rate of occurrence remains fairly uniform from 0800-1800 U.T. but 
there is also a marked diurnal variation having a minimum around 2200 U.T. 
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3. Echoes from this layer may be recorded for over 85% of the time and this 
percentage shows very little seasonal variation. 

4, There is a marked diurnal variation in the mean value of fEm. The minimum 
is at midnight and the maximum at noon. The actual values reached at midnight 
are identical in June and December but the noon values are much greater in June. 

5. Except for the summer months of May—August the average value is 
remarkably uniform throughout the year. This indicates that the effect of the 
major meteor streams on the total ionisation produced in the region is subordinate 
to the more general effect of the sporadic meteors. 

6. Magnetic disturbances and sunspots have no apparent influence on the 
average value or on the number of hours during which the echoes are recorded. 

7. Solar flares produce no marked reduction in the number of echoes recorded. 

8. When higher power is used individual echoes from this region have been 
detected at vertical incidence on frequencies at least up to 73 Mc/s. 

9. The echoes appear to diminish both in amplitude and rate of occurrence as the 


frequency is increased. 


(b) The meteoric E-layer at oblique incidence 

1. The most probable heights of reflection lie within the fairly narrow range of 
90-100 km. The higher value is associated with the shorter distance and the lower 
with maximum obliquity (APPLETON et al., 1939). 

2. When viewed obliquely the intermittent character of the individual bursts 
of ionisation disappear and the layer appears to be more homogeneous. Indeed, it 
appears to be as permanent as any of the other ionospheric layers so far identified. 


3. The short period variations in equivalent height are sufficiently small to 
enable the echoes from this layer to be used for the Loran type of radio navigation 
aid. 

4. The amount of incident energy returned from the meteoric E-layer at 
vertical incidence is sufficiently low to cause only slight interference with the more 
normal reflections from the higher parts of the ionosphere. The equivalent reflec- 
tion coefficient most frequently observed at vertical incidence lies between 0-0005 
and 0-005 (APPLETON and PIDDINGTON, 1938). 

5. On frequencies above the maximum possible for transmission by region-F 
it is frequently possible to obtain transmission by the meteoric E-layer when high 
power is available. One example may be the reception in the London area of the 
television signals from Kirk o’ Shotts on a frequency of 56-75 Mc/s and over a 
distance of 500 km. There is, of course, the alternative explanation of transmission 
by bending in the troposphere but this is unsatisfactory as a complete explanation 
for the following reasons. 

(i) The signals have been received under a wide variety of tropospheric 
conditions. 

(ii) Stronger signals have been heard from Kirk o’ Shotts when the nearer 
television transmissions from Holme Moss were weak. The latter give more 
frequently the stronger signal. 

6. IstED (1953) has reported the reception of a slowly varying signal on a 

frequency of 53 Mc/s over a distance of 330 miles. 
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5. Tue Use or THE Meteoric £-LAYER 


The comparatively high degree of consistency in the heights of reflection makes this 
the most satisfactory layer in the ionosphere for any purpose requiring this condition 
to be fulfilled (e.g. radio navigation aids). 

The reflecting properties of the layer may be used on frequencies above the 
maximum possible by way of region-F. This will be increasingly important round 
sunspot minimum periods. 

When sufficient power is available it should be possible to effect transmission 
over paths requiring more than one reflection from the layer. 

The signals would be comparatively unaffected by atmospherics from great 
distances. 

The interruptions due to magnetic disturbances are largely eliminated. 

The effect of chromospheric eruptions is negligible. 

In the last three cases therefore it would be possible to operate over a greater 
percentage of time on a given frequency by way of the meteoric H-layer than by way 
of any of the other layers normally affected by one or all three conditions. 

It would be very difficult to jam this type of transmission. 

No alteration is required at the receiving site to make use of it. 


6. CONCLUSION 


There appears to be a prima facie case for the separation of the ionisation pro- 
duced within the sporadic region-H by the impact of meteors from that due to 
other causes. Reasons and methods of identification have been given for the 
recognition of the layer of the ionosphere in which the former is produced as the 
meteoric E-layer. 

The characteristics of this layer have been established from vertical incidence 
measurements and a limited amount of confirmation has been secured at oblique 
incidence up to distances of 1200 km on a single frequency. 

The work requires extension both in range and in frequency to confirm the 
deductions which follow from the vertical incidence measurements. 

The use of the meteoric H-layer for transmissions on frequencies above the 
M.U.F. for region F, will be of particular value in years of sunspot minimum. 
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ABSTRACT 


CHANDRASEKHAR’S theory of radiative transfer was used to calculate the effect of atmospheric scattering 
and ground reflection upon the determination of the height of the night airglow for values of the extinction 
coefficient, 7, 0-01, 0-05, 0-10, 0-15, 0-25, and 1-00. It was found that atmospheric scattering is a signi- 
ficant factor for r > 0-01, and for an albedo of 0-80 (snow cover) the albedo correction term is significant 
for r > 0-05. For usual albedos (r < 0-25) the albedo correction term is only significant for r > 0-15 


INTRODUCTION 


The altitudes of the emission layers responsible for the night airglow have been 
determined by two independent methods. One method requires an interpretation 
of the ratio of the light intensity at zenith distance 9 to the intensity at zenith 
distance 0°. The other method involves a study of the photochemical reactions 
in the atmosphere as a function of the concentrations of atmospheric particles. 
The two methods have yielded results that are not in harmony. 

In a review of the subject Bates and DaLGaRNo (1953) summarize the pub- 
lished determinations of the altitudes of the luminous layers in the earth’s atmos- 
phere and state that a precise knowledge of these altitudes is of utmost importance 
in connection with the theory of the excitation processes, and indeed with upper 
atmospheric physics in general. 

In their study of the excitation processes Bates and DaLGaRNo (1953) con- 
cluded that the case against the altitudes derived from the photometric data is 
strong, and for the 4 5893 line appears to be apodictic. It is difficult to see how 
the excitation processes discussed by these authors account for the definite 
periodic and aperiodic variations in the intensity of the airglow but their conclu- 
sions cannot be dismissed lightly. It therefore appears to be profitable to re-examine 
the published interpretations of the photometric data and attempt to definitely 
establish the heights of the luminous layers. This paper will present a determina- 
tion of the corrections that should be applied to the photometric data due to 
Rayleigh scattering in the atmosphere and to reflection of the airglow by the 
ground. The corrections and errors due to other factors will not be discussed. 


THE DETERMINATION OF THE LIGHT OF THE NIGHT SKy DvE TO RAYLEIGH 
SCATTERING AND GROUND REFLECTION 


The equations of radiative transfer in an atmosphere which scatters light according 
to Rayleigh’s law were derived and solved by CHANDRASEKHAR (1950). The 
specific problem that CHANDRASEKHAR solved for the first time may be expressed 
as follows: A parallel beam of natural light of net flux 7F per unit area normal 
to itself is incident in a specific direction on a plane-parallel atmosphere of optical 
thickness 7. It is required to find the angular distribution of the light below the 
surface at r. 
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The equations given by CHANDRASEKHAR (1950) express the light intensities 
(and the Stokes parameters giving the polarization of the light) as functions of 7; 
A, the albedo of the ground at the surface 7; py, the cosine of the angle of incidence 
of the parallel light; mu, the cosine of the zenith distance of observation; and 4, 
the azimuth angle. SEKERA (1952) and SEKERA and ASHBURN (1953) have pub- 
lished tables of the numerical values of the light intensities for 7 = 0-01, 0-02, 
0-05, 0-10, 0-15, 0-25, and 1-00 and for reasonable intervals of the other parameters. 
The publication of these tables, which involved extensive use of IBM computors, 
makes it possible to readily adapt CHANDRASEKHAR’S work on radiative transfer 
to the problem of the night sky. 

The specific problem that is considered in this paper may be expressed as 
follows: A parallel beam of natural light of net flux F per unit area normal to 
itself is incident from the zenith on a plane-parallel atmosphere of optical thick- 
ness tr. At all other zenith distances the incident parallel light has a net flux of 


R \2 —1/2 
‘il Reel ‘2 
I (5 " .) sin i F 


where R = radius of the earth 

h = height of the airglow emission layer 

6 = zenith distance. 
The term in the brackets is the relative thickness of the airglow emission layer 
on a curved earth (Van Rhijn formula). What is the angular distribution of the 
intensity of the scattered light transmitted below the surface at 7? 

To apply the results given in references (3) and (4) to the problem of the night 

airglow it was necessary to evaluate the integrals 


n/2 (2a 
[ { (I, + I,) sin 6 d0 dé (1) 
0 0 


nl2 (2x 
[ [ (I,* + I,*) sin 6 d0 dé (2) 
0 


/0 


for a reasonable number of zenith distances of observation. J, and I, are the 
intensities of the light whose planes of polarization are parallel and normal respec- 
tively to the vertical plane containing the sun. J,* and J,* are the comparable 
values for the intensities due to the reflection from the ground. 

In references (3) and (4), Z,, Z,, J,;* and J,* are given for ¢ = 0° and 180° 
azimuth. The equations relating the intensities at an azimuth, ¢, from the sun’s 
azimuth, ¢o, are: 


I(u, d) = I, cos? 3(d9 — $) + 1,, sin? $(¢9 — $) + p?Z sin® (dy — ¢) (3) 
I(u,$) =I, — Z sin? ($y) — ¢) (4) 


where wu is the cosine of the zenith distance; and 


3uo(1 — fo”) 
Sa COM so EE Y(2(y) — Y'2( 4.) X¢2) 
~*pars (Ho) ¥(u) (Ho) X™ (4) 
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where jy is the cosine of the zenith distance of the incident light and the X and Y 
functions are given in references (3) and (4). J,* and J,* are independent of 


azimuth. 
When equations (3) and (4) are substituted into equation (1) it is obvious that 
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Fig. 1. Intensity of scattered light. Airglow layer at 100km. Albedo of ground = 0-0. 





the integration with respect to ¢ is readily obtainable. The integration with 
respect to 9 must be done by approximate methods from the values of J, and J, 
given in the published tables (references (3) and (4)). The results obtained from 
these integrations are given in Table 1. The figures in Table | are in terms of 
incident flux F at the zenith. 

The evaluation of the integral in equation (2) for different values of the albedo 


and uy is relatively simple since 


A 
L* = 41 — aa) “ [yi(Ho) + ¥-(H0)] [1 — v(H)] 


A 

[* = 4(1 — ds) Mol ¥i(Mo) + ¥r(Ho)] [1 — vilH)] 
where s and the gamma functions are given in references (3) and (4). Ifthe integral 
in equation (1) is evaluated for one 4 and one yw for any given 7 then the integral 
can be quickly evaluated for other values of 4 and uw. The results are given in 


Table 1. 
Figs. 1 and 2 illustrate graphically a portion of Table 1. The curves connecting 
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the computed points for a given zenith distance lie on a comparatively simple 
curve so it appears that interpolation for values of the scattering term for 7’s 
intermediate between those given in Table 1 can be done with relative confidence. 
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Fig. 2. Correction to intensity of scattered light for reflection of light by the ground. Airglow 
layer at 100 km. Albedo of ground = 0-25. 





THE USE oF TABLE 1 


The results given in Table 1 can be applied easily to the reduction of photometric 
measurements of the light of the night sky to determine the heights of the airglow 
layer. As an illustration of the use of the tabular values the ratio of J/I, were 
computed for J, = 75° and for a height of the emitting layer of 100 km. The 


equations used were 








Van Rhijn: J,,/I, = 


where m is air mass relative to zenith air mass = 1. 


e~-™ + scattering term for 6 = 75° 





I 
Albedo = 0: —? = 


fa J ee 6+ fe = 0° 
=e a eee j i —s 
e ( R ,) sin scattering term for 6 = 0 
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Table 1. Intensity of scattered light 
7= 0-01 


Ground Albedo = 0-0 





Zenith distance 





0° 


40° 





0-00495 


0-00889 | 
0-00956 | 
0-01070 | 


0-00198 


| 0-00210 | 


0-00248 | 
| 0-00380 | 
| 0-00396 | 


| 0-00420 


0-00575 | 


0-00903 
0-00929 
0-00985 


0-0189 
0-0297 
0-0305 
0-0324 


| 0-00124 | 
| 0-00190 


0-0122 
0-0133 
0-0152 


0-00162 


| 0-00655 


| 0-00252 | 


0-00261 | 


0-00280 


0-00324 
0-00504 
0-00522 
0-00560 


| 0-00521 
| 0-00810 


0-00839 
0-00901 


0-0310 
0-0574 
0-0615 
0-0675 


0-00740 
0-0118 
0-0122 
0-0128 


0-0243 
0-0388 
0-0402 
0-0420 


0-00785 
0-0151 
0-0164 
0-0187 


0-0100 
0-0197 
0-0214 
0-0244 


| 0-0143 
| 0-0286 
| 0-0310 


0-0355 


Ground Albedo = 0-25 


0-00194 
0-00303 
0-00315 
0-00335 | 


0-00385 | 0-00551 
0-00401 | 


0-00426 | 0-00605 


Ground Albedo = 0-50 


0-00388 | 0-00496 
0-:00606  0-00770 | 0-0110 
0-00630  0-00802 | 0-0115 
0-00670 | 0-00852 | 0-0121 


Ground Albedo = 0-80 


0-00624 | 0-00797 | 0-0114 
0:00973 | 0-0124 | 0-0177 
0-0101 | 0-:0129 | 0-0185 
0:0108 | 0-0137 0-0195 


r = 0:05 
Ground Albedo = 0-0 


0-00248 | 0-00355 | 
| 0-00574 | 


| 0-00710 | 


0-0362 
0-0720 
0-0755 
0-0845 


| 


| 


| 


0-0460 
0-0950 
0-0995 
0-109 


0-0680 
0-134 
0-142 
0-160 


Ground Albedo = 0-25 


0-00885 | 
0-0139 
0-0144 
0-0152 


0-0122 
0-0176 
0-0182 
0-0192 


0-0158 
0-0250 
0-0182 
0-0272 


Ground Albedo = 0-50 


00179 | 
0-0282 
0-0292 
0-0308 


0-0227 
0-0352 
0-0369 
0-0389 


0-0320 
0-0507 
0-0523 
0-0551 


Ground Albedo = 0:80 


0-0457 
0-0474 


0-0391 | 
0-0500 | 


0-0368 
0-0578 
0-0598 
0-0630 
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0-0519 
0-0822 
0-0847 
0-0892 


0-00472 


0-00727 | 
0-00755 


0-00795 


0-00697 
0-0107 
0-0112 
0-0117 


0-0138 
0-0214 
0-0224 
0-0234 


0-0981 
0-150 
0-156 
0-164 


| 0-0191 
| 0-0324 
| 0-0306 
| 0-0294 


0-226 
0-348 
0-358 
0-379 
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Table 1 (continued) 
7r=0-10 
Ground Albedo = 0-0 





Height of 
emitted 
light 


Zenith distance 








0-0539 | 
0-0834 | 
0-0851 | 
0-0895 | 


0-0697 
0-135 
0-141 
0-154 | 


Ground Albedo = 0-25 


0-0170 | 0-0215 | 0-0300 
0-0264 | 0-0327 | 0:0446 
0-0275 0-0342 0-0472 
0-0290 | 0-0360 | 6-0496 


Ground Albedo = 0-50 


0-0438 0-0613 
0-0668 0-0911 
0-0710 0-0965 
0-0728 0-101 


Ground Albedo = 0-80 
0-0571 | 0-0722 | 0-101 


00889 | 0-110 | 0-150 
00926 = O-117—s«|-—«O-159 
00977 | 0-121 | 0-167 


r= 0-15 
Ground Albedo = 0-0 


0-103 0-127. | 0-176 
0-190 | 0-243 | 0-322 
0-198 | 0-252 | 0-344 
0-216 | 0-278 | 0-376 


Ground Albedo = 0-25 


0-0240 0-0303 | 0-0415 
0-0363 0-0448 | 0-0600 
0-0378 0-0467 | 0-0632 
0-0396 0:0490 | 0-0675 


| 
| 
| 
| 
| 
| 


Ground Albedo = 0:50 


0-0495 | 0-0625 | 0-0856 
0-0749 | 0-0924 | 0-124 
0-0780 | 0-0963 | 0-130 
0-0817 | 0-101 | 0-139 


Ground Albedo = 0-80 


0:0823 | 0-104 0-142 
0-125 | 0-154 0-206 
0-130 | 0-160 0-217 
0-136 =| 0-168 0-232 


88 


| 


| 
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0-0983 
0-148 
0-154 
0-162 


0-0910 
0-150 
0-158 
0-163 
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Table 1 (continued) 
7 = 0-25 
Ground Albedo = 0-0 





Zenith distance 





50° 


60° 


70° 














0-157 
0-283 
0-296 
0-327 





0-192 
0-349 
0-366 
0-402 








0-250 
0-455 
0-485 
0-527 


Ground Albedo = 0-25 


0-0354 
0-0524 
0-0546 
0-0572 


0-0434 
0-0643 
0-0670 
0-0701 


0-0576 | 
0-0854 
0-0888 
0-0930 


Ground Albedo = 0-50 


0-0743 
0-110 
0-115 
0-120 


0-0911 
0-135 
0-141 
0-147 


Ground Albedo = 0-80 


0-127 
0-187 
0-195 
0-204 


0-155 
0-230 
0-239 
0-250 


r= 1:00 


Ground Albedo = 0-0 


0-342 | 
0-528 
0-551 
0-586 


Ground Albedo = 0-25 


0-0685 | 
0-100 
0-104 
0-108 


Ground Albedo = 0-50 


0-157 
0-230 
0-237 
0-247 


Ground Albedo = 0-80 


0-294 | 
0-430 
0-444 
0-467 


0-362 
0-550 
0-574 
0-614 


0-0768 
0-113 
0-116 
0-122 


0-176 
0-258 
0-265 
0-278 


0-329 
0-483 
0-597 
0-520 


0-305 
0-317 


0-206 | 
0-332 | 


0-367 
0-567 
0-589 
0-627 


0-0890 | 
0-131 
0-135 | 
0-141 
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Albedo = 0-80: 


ites ~ 





“2 
— ( R : 2] sin? 6 + scattering term for 6 = 0° + albedo term. 


The results are as follows: 
Table 2. In5o/Ip 








Method 





Van Rhijn 


Van Rhijn plus cor- 
rection for 7 = 0 


Van Rhijn plus cor- 
rection for 4 = 0-80 























It is obvious from this table that for + > 0-01 that the scattering correction 
term is significant and that its relative size increases with increasing 7 until at 
+ = 1-00 the scattering correction is larger than the Van Rhijn term. For an 
albedo of 0-80 (snow cover) the albedo correction term becomes significant for 
7 > 0-05. For more usual albedos (<0-25) the albedo correction term is only 
significant for 7 > 0-15. The relative importance of the scattering and albedo 
correction terms increases with increasing zenith distance. 

An inspection of the Van Rhijn formula shows that J,/I, for a given 6 and 
7 increases with decreasing height of the airglow layer. Therefore a neglect or 
underestimation of the scattering and albedo corrections would lead to an esti- 
mate of the height from the photometric data that would be too low. It is thus 
obvious that the application of these corrections alone would lead to an even 
greater difference in the estimated height of the luminous layer by the photo- 
metric and excitation methods than now exist. 


ACCURACY OF TABLE 1 WHEN USED TO DETERMINE HEIGHT OF 
AIRGLOW LAYER 


The values of J,, J,, 7,* and J,* given in references (3) and (4) are accurate to at 
least four decimal places. The numerical integrations performed for the prepara- 
tion of Table 1 are accurate to within approximately 1%. It is doubtful if greater 
accuracy is justified. CHANDRASEKHAR’S equations of radiative transfer are 
rigorous for the idealized state of a Rayleigh plane parallel atmosphere. The 
radiative transfer in the actual atmosphere differs from that due to Rayleigh 
scattering. This difference is associated with some large particle scattering and 
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absorption lines and bands. In addition, CHANDRASEKHAR (1950) states ‘‘While 
there is no formal difficulty in carrying out this reduction for any given law of 
reflection of the ground, in view of the practical difficulties of specifying, in given 
cases, the reflecting properties of the ground accurately, it should suffice, for most 
purposes, to idealize the ‘ground’ as a surface which reflects according to Lambert’s 
law with some albedo 4.” 

It is the opinion of the writer that at present there is no justification to attempt 
to improve the figures given in Table | until other possible sources of large errors 
in the Van Rhijn formula are investigated (for example, the separation of the 
airglow from the extraterrestrial light). It appears that no reasonable modifica- 
tion of the results given in Table 1 would produce the effect of reducing the esti- 
mated height to the extent required by BaTEs and DaLcarno (1953). 
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ABSTRACT 


The ridges observed in the F,-layer at Ibadan, Nigeria, have been recorded. There is a maximum 
occurrence of ridges around 1000 hours and 1500 hours. The morning ridges are more pronounced. A 
pronounced seasonal variation is found and most ridges occur when the midday minimum of f, F, occurs 
early in the day. A lunar variation is found in the rate of ridge formation at 0900 hours. Ridges in F, 
are also discussed but it is concluded that there is little relation with those in F, and that the F, ridges 
are connected with the E,-layer. The observed facts can be explained by means of oscillatory vertical 
ionic drifts such as those suggested by Martyn (1947). Possible phases consistent with the phenomena 
are considered. 


1. INTRODUCTION 


Routine ionospheric measurements have been made since December, 1951, at 
Ibadan, Nigeria, lat. 7°26’ N, long. 3°54’ E, where the magnetic dip is about 5° S. 
The equipment used is an automatic h’f recorder of the type developed by the 
Radio Research Station, Slough, England. 

Since Ibadan is an equatorial station, the midday minimum of the critical 
frequency of the F,-layer is a normal occurrence throughout the year. This 
minimum is often preceded and followed by the formation of ridges or very thick 


structures in the F-region. OsBORNE (1951) has observed similar perturbations 
in the F, region at about corresponding times at Singapore. McNIsH (1950) and 
RATCLIFFE (1951) have also observed these occurrences in h'f records from Huan- 
cayo, particularly at sunspot minima. DELOBEAU (1952) has reported a similar 
effect in records taken at Dakar. 

This paper describes the results of a detailed investigation of the phenomena 
associated with the midday minimum in f,F, at Ibadan, during the period Decem- 
ber, 1951 to January, 1953. An attempt is then made to relate these results to 
the various explanations which may be put forward. 


2. RipGe AND TxHIckK LAYER FORMATION 


Superficial examination of Ibadan h’f records is quite sufficient to illustrate the 
presence of ridges in the F,-layer around 0900 hours to 1000 hours. When an 
actual ridge is not present at these hours then there is usually a thick layer, and 
accordingly the h’f curve is no longer of the shape associated with a simple Chap- 
man layer. We have used OsBoRNE’s (1951) definition of a thick layer, i.e. the 
h’f curve has a slope of 150 km per Me/sec at frequencies appreciably lower than 
those affected by severe group retardation near the critical frequency. Each 
hourly record has been examined and the presence of a ridge or thick layer denoted 
by R. The percentage probability of the presence of R at each hour of the day 
has been calculated for each month. Fig. 1 shows the variation for each month, 
and Fig. 2 the annual mean variation of the percentage occurrence of R through- 
out the day. 
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It will be seen that the percentage occurrence of R has maxima at sunrise, 
1000 hours and 1500 hours. The first peak is intimately connected with sunrise 
effects with which we are not concerned at present. The 1000 hour peak and the 
1500 hour peak differ in one major factor. At 1500 hours there are a great many 
more thick layer occurrences than ridges, whereas at 1000 hours there are more 
ridges than thick layers. 

It is apparent that throughout the year there was a 70% chance of this pheno- 
menon occurring at 1000 hours and in fact it is extremely rare (about once a 
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Fig. 1. Average percentage occurrence of “ridges” Fig. 2. Average percentage of “‘ridges”’ and “‘thick 
and “thick layers” throughout the day for each layers” throughout the day (annual mean). 
individual month. 
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month) that a morning goes by without a ridge being observed on one of the hourly 
records between 0800 hours and 1200 hours. Every month shows a peak in one 
of the hours 0900-1100. 

The effect is thus a normal one at this stage of the sunspot cycle although 
conflicting evidence exists as to whether ridges are observable at all times in the 
cycle. It is interesting to note that whereas RaTcLirFre (1951) found no ridges 
for a year near sunspot maximum at Huancayo, both DELoBEaU (1952) (at 
Dakar) and OsBorNE (1951) (at Singapore) observed many ridges in 1949 near 
sunspot maximum. 

The seasonal variations of the probability of occurrence of R is shown in Fig. 3. 
Curve I illustrates the average probability of R occurrence during the hours 
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0900, 1000, and 1100 in each month. The variation of the cosine of the zenithal 
angle (zy) of the sun is plotted on the same graph (Curve IV) and in general it is 
seen that when R is a maximum, cos x is minimum and vice versa. This is in 
agreement with OsBoRNE’S (1951) observations but DELoBEAU (1952) finds that 
the occurrence of ridges at Dakar follows cos x closely. 
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Fig. 3. Curve I shows seasonal variation of average probability of R occurrence during hours 
0900-1100. Curve II shows seasonal variation of time of midday minimum of f,F,. Curve III shows 
seasonal variation of length of night. Curve IV shows seasonal variation of cos 7. 


Curve II shows the time of occurrence of the midday minimum of f, F, through- 
out the year. It will be observed that this curve is in antiphase with Curve I. 
Curve III of Fig. 3 shows the average length of night throughout the period and 
it is seen that its shape is very similar to that of Curve I. 


3. Tue Moon AND RIDGE FORMATION 


It has been claimed that the occurrence of ridges in the F,-region is dependent 
on the phase of the moon (McNisu, 1950). We find that the frequency of occurrence 
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at Ibadan is considerable at all phases of the moon but that a lunar semi-diurnal 
variation is clearly detectable during the morning hours 0900-1100. Fig. 4 shows 
percentage occurrence of R against age of moon for various times of day, the 
figures being based on 14 lunar periods. It would be extremely dubious to draw 
any conclusions from the afternoon curves but it seems clear that the phase of 
the moon controls the time of commencement of the phenomena in the morning. 
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Fig. 4. Variation of percentage occurrence of R with age of moon for various times of day. 


Fig. 4 shows that maximum ridge occurrences at 0900 hours come at the second 
and seventeenth days of the age of the moon. It is significant that at these times 
the lunar perturbation causes f,F, at noon at Ibadan to be minimum. McNisH 
and GAUTIER (1949) have obtained the same phase for the noon f,F, lunar tide 
at Huancayo. 

4, RIDGES IN THE F,-LAYER 
Ridges have also been observed in the F,-layer at Ibadan which do not seem to 
have been described previously. These have been studied to determine whether 
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there is any similarity with the F, structures. The examination is rendered more 
difficult than that for F, ridges for two reasons: (1) F, often does not possess a 
clearly defined maximum of ionization, (2) an H,-layer frequently forms in the 
early morning and rises to form a ridge in the F,-layer.. This ridge/appears to 
break away from the F,-layer towards the H-layer in the late afternoon and it is 
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Fig. 5. Typical sequence of records illustrating F, layer ridges observed on 13 December 1952. 


then difficult to decide whether or not the ridges observed are examples of the 
E,-layer. Fig. 5 shows a typical sequence of records illustrating the growth and 
decay of a ridge in the F,-layer on 13th December, 1952. In Fig. 6 Curve I is 
the percentage presence of ridges of any nature in F, and £, and Curve II is the 
percentage probability omitting those which would normally be called E,-layers. 

In order to determine whether there is any connection between these ridges 


96 





Multiple stratification of the F-layer at Ibadan 

















40 





30 


% DCCURRENCE ——e 





~ 
°o 





>, 
1400 1600 ~=1800 


° 
0600 0800 1000 1200 
G.M.T. 


Fig. 6. Percentage occurrences of ridges in the F, layer. I. All ridges observed. 
II. Omitting those ridges which are obviously E£,. 
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and those of F,, we have plotted in Fig. 7, Curve I the seasonal variation of the 
average probability of a ridge occurring in the hours 1100 to 1400. The variation 
of Curve I is very different from that of the occurrence of ridges in F, (Fig. 3, 
Curve I). We feel that the two kinds of ridges are due to different causes. It also 
seems unnecessary to assume two types of ridges in F,; all the ridges appear to 
be generated near the £,-layer, being low near the E-layer in the morning, rising 
into the F,-layer around noon. The fact that the variation of the midday occur- 
rences is similar to the seasonal variation of the noon values of h’ F,, Fig. 7, Curve 
II, may be relevant since h’ F, varies little with season, and therefore the greater 
h’F, at noon, the greater the separation and speed of separation of F, and F,. 
However, the ridges in F,, are least when cos x is greatest and the fact that the F, 
ridge curve is more symmetrical than the cos x curve is probably due to the influence 
of the magnetic latitude of Ibadan, as APPLETON (1950) has pointed out for the 
seasonal variation of h’ Fy. 
5. Discussion 

No satisfactory theory has as yet been suggested to explain the presence of ridges 
in equatorial regions. Ridges are not stationary occurrences and any explanation 
of their origin must be linked up with a dynamic process involving fairly rapid 
vertical ionic drift. 

A mechanism whereby vertical ion drift could take place has been suggested 
by Martyn (1947) who examined the perturbation of an ionized region by atmos- 
pheric tides in the presence of a magnetic field. A current system is produced in 
the ionosphere by the ‘‘dynamo”’ action of horizontal tidal air currents flowing 
across the vertical component of the earth’s magnetic field. The associated 
electric field when crossed with the magnetic field gives rise to vertical movement 
of ions with a solar and lunar control. Martyn (1947) examined the effect of the 
vertical ionic drift velocity upon the shape of a Chapman layer under the restricted 
conditions of no ion production or recombination He found that considerable 
distortion of the layer could take place under these conditions and that h,,, the 
height of maximum ionization, could be increased or decreased depending on the 
variations of drift velocity with height. If the foregoing restrictions are removed 
ions will tend to be formed at the original height of maximum ionization causing 
further distortion to the layer shape. This mechanism could account for the 
various types of distributions of electron density with height assumed by Rat- 
CLIFFE (1948) in his analysis of equatorial h’f curves and also could account for 
the presence of ridges. 

This is obviously an over-simplified picture since modern theory regards the 
F,- and F,-regions as manifestations of a single ‘“Chapman”’ region, the greater 
electron density in F, being due to the lower value of « in that region. 

The main experimental facts that must be accounted for at Ibadan are: 

(1) There is a maximum ridge occurrence at 1000 hours and a minimum 
occurrence at 1300 hours, followed by a less clearly defined secondary maximum 
in ridge occurrences at 1600 hours. 

(2) There are more morning ridges in winter than in summer. 

(3) There is a correlation between the maxima in the lunar tide of morning 
ridge occurrence and the minima in the lunar tide of noon f, F,. 
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(4) There is a midday minimum in f,F, which occurs at about 1100 hours in 
winter and 1300 hours in summer. 

(5) The separate maximum of F, is less pronounced in winter than in summer. 

(6) The semi-thickness (y,,) of the F,-layer has its maximum before noon in 
winter and after noon in summer. 

We now proceed to suggest possible phases of vertical drift velocities which 
could explain these results. 

If the velocity gradient of the drift is large and «, the coefficient of recombi- 
nation, is small then N,, will have a 90° phase lag behind the ionic velocity in the 
F,-layer. The midday minimum in N,, can thus be explained by assuming a 
downward drift velocity with a maximum three hours before the time of the 
midday minimum, i.e. at Ibadan, ionic velocities | 0800 hours in winter and 
1000 hours in summer (using Martyn’s notation). The pre-noon maximum is 
considered due to the rapid increase in solar radiation in the morning, the down- 
ward drift gradually taking control and reducing the ionization to a minimum at 
midday. It will be seen then that the midday minimum of ridges occurs at the 
time of zero vertical velocity. This is consistent with experimental fact 3, that 
the lunar tide of f,F, noon values has a minimum when the 0900 hours ridge 
occurrence is a maximum, and suggests that ridges occur around the time of 
maximum ionic velocity. The fact that the morning ridge maximum occurs at 
1000 hours throughout the year and not at 0800 hours in winter may be explained 
as follows. In winter, at 0800 hours, the F,- and F,-layers are but little separated, 
in fact, maximum bifurcation does not occur until 1000 hours throughout the 
year. If the drift in the F,-layer is + 0800 hours all the year round (i.e. approxi- 
mately that suggested by Martyn, 1948) then in winter there will be exact phase 
opposition between F, and F, drift which could easily lead to ridge formation. 
In summer the rate of change of phase with height would be less and lead to 
fewer ridges, as is observed. Such an arrangement of phases would appear to 
explain all the day-time phenomena at Ibadan, and, if the velocity is of the same 
phase in the Z- and F,-layers, we might suggest that the #, phenomena is a result 
of this drift velocity. 

AJternatively, if we assume that F, and F, would form separate layers without 
the assistance of tidal motion, due entirely to a decrease of « with height, then a 
straight-forward drift velocity decreasing with height would give rise to distorted 
layers and ridges. The phases would still be | 0800 hours in winter and |) 1000 
hours in summer in the F,, whilst to provide the seasonal variation the F, drift 
would be { 0800 hours. 

MarTYN (1948) has deduced that the equatorial phase of the drift velocities 
will be | 1200 hours in the F, and + 0900 hours in the F, by a consideration of 
world wide distributions of ionization. He does not, however, appear to consider 
the midday minimum of J, to be a first order phenomena. The phases of the 
drifts suggested in our first model are not at great variance with these, though 
MaRTYN considers, on experimental evidence, that there is a phase lag of 7 between 
maximum downward drift and minimum N,,,. The assumption of a phase change 
of velocity with height could, however, imply a considerable change of phase in 
the perturbation of F, between day and night, and caution must be exercised in 
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attempting to fix a phase relevant to the day-time from the night-time observations 
alone. 

It should be mentioned that McNisH and GavuTIER (1949) have propounded an 
alternative mechanism whereby vertical drift of ions could occur. It is doubtful 
whether it would be of sufficient magnitude to explain both the ridges and the 
midday minimum of N,,, but it may be a contributory factor. 

It is realized that the above discussion is of a very tentative and qualitative 
nature. Any discussion of the phases of drifts must eventually be related to a 
world wide system and we have here considered one station only, so that the 
phases suggested are not necessarily unique interpretations of the results. It is 
clear that more experimental evidence from equatorial regions is required before 
a fully adequate theory can be developed. In this, the existence and prevalence 
of ridges should form an important pointer towards determining phases. We 
would, however, suggest that the name “lunar ridge’’ which has been applied to 
the F, ridges is a misnomer, since their occurrence is governed in only a very slight 
way by the moon. 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), EskpaLemMuIR (Hs) and Lerwick (Le) 
December to February 1954 


The figures given on pages 101 to 103 represent the K-indices for three-hour intervals, 
beginning with 00.03 hrs for the first and ending with 21-24 hrs for the eighth figure. 
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January 1954 





Ab Es Le 
Range for K = 9: 500y Range for K = 9: 750y Range for K = 9: 1000y 





K-Indices K-Indices K-Indices | Sum 





2212 1022 2210 1012 2210 OO11 
3233 5533 3233 4423 3222 4422 
3112 2102 2112 2101 2111 1101 
0011 1110 0000 0001 0010 0000 
1002 1234 1000 1234 1100 1134 
2321 2211 1221 2211 | | 1211 1211 
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2213 2432 2112 1332 =| 1112 1332 
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O1lll 1332 1102 2332 0111 1222 
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3332 3232 3332 2232 3222 2231 
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February 1954 (cont.) 
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Range for K = 9 : 500y Range for K = 9: 750y Range for K = 9: 1000y 





K-Indices K-Indices K-Indices Sum 





2212 2123 2112 2113 2112 2113 13 
1123 3343 0012 2333 0011 2233 12 
1425 4544 1324 4443 1333 4543 26 
3422 3454 3321 3444 5321 2345 25 
4223 4443 4223 4443 4322 3443 25 
2224 3452 2223 3352 1113 2352 18 
1143 3333 1232 2233 1132 2233 17 
2123 2222 2022 2222 2011 2232 13 
2223 3555 1112 3545 1222 3575 27 
5433 4355 5433 3344 6532 3354 31 
4333 3444 4322 3444 5432 3445 30 
3223 3334 3023 3334 3012 3343 19 
2223 = 1333 2112 = 1333 1111 = 1233 13 
2235 3454 2235 4454 2234 4455 29 
3343 3524 3233 3524 4233 3525 27 
4222 4333 3122 3333 4122 3333 21 


























ERRATUM 


Semidiurnal currents and electron drifts in the ionosphere 
J. A. FEJER 


Correspondence with Dr. D. F. Martyn, F.R.S., and reading of his recent paper (1953), 
drew the attention of the author to the fact that the horizontal drift velocity of patches of 
ionisation is not equal to the horizontal drift velocity of electrons in a “‘smooth”’ ionosphere 
although the vertical drift velocity of layers of ionisation is equal to tne vertical drift 
velocity of electrons, which in this case is associated with an equal drift velocity of positive 
ions. 

The vertical electron drift velocities calculated in § 8 of the author’s paper therefore 
still represent the vertical movement of ionospheric layers, but the horizontal electron 
drift velocities calculated in § 9 can not be interpreted as horizontal movements of patches 
of ionisation, to which all ‘‘wind”’ measurements must refer. 

The formulae (28a) (28) of § 9 could be converted into formulae for the velocity compon- 
ents of the drift of neutral ionisation by substituting (7), + 79;)/2, (T1. + 71,)/2; (Toe + T2;)/2 
for 7,, Tie: Tz, respectively, although, as Dr. Martyn points out in his paper, this drift 
also does not represent the velocity of patches of ionisation in the ionosphere. The 
calculation of the latter is apparently a more complex problem. 
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The enhancement of ionospheric ionization during solar flares* 
(Received 20 January 1954) 


The various ionospheric disturbances accompanying solar flares arise from the sudden 
enhancement of electron concentration in Region D. Considering that under ionization 
equilibrium conditions, 


q 


a(1 + A) 


where N is the electron concentration, q is the rate of electron production, « the effective 
recombination coefficient, and A the ratio of negative ion to electron concentrations, one 
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Fig. 1. Effective recombination coefficient during sudden ionospheric disturbances. 





may attribute the observed enhancement in N during a flare to either an increase in g or a 
decrease in A. The former is the more direct process and can occur either through an 
enhancement of the normal solar ionizing radiation or of some normally less effective 
radiation. The alternative, a decrease in A, has been suggested in recent years by BaTEs 
and others (BaTEs and Seaton, 1950; Bates and Massey, 1951) as being brought about 
by an increased photodetachment due to the enhanced L« radiation during a flare. The 
hypothesis was believed to be confirmed by the very rapid recovery, reported by Bracer- 
WELL and STRAKER (1949), after a sudden phase anomaly (SPA), the apparent rapid 
recombination being attributed to loss of electrons by attachment. 


* The research reported in this note has been sponsored by the Geophysics Research Division of the 
Air Force Cambridge Research Center, Air Research and Development Command, under Contract 


AF19(122)-44. 
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In a recent study of the recombination coefficient in the lower ionosphere (Mirra and 
JONES, 1953), we have attempted to determine if the recovery of the ionosphere after a 
sudden ionospheric disturbance (SID) does really indicate an effective recombination 
coefficient greater than that at normal times. The results of the study based on the decay 
of SPA’s at 16 kc/s and of the sudden enhancement of atmospherics (SEA) have yielded 
values much smaller than 3 x 10-5 cm/s as reported by Batses and SEaton. Measure- 
ments of the time delay between the time of maximum of a flare and the times of maxima 
of SPA and SEA also suggest smaller values. In fact, these results strongly indicate that, 
for any height, the value of the recombination coefficient remains unaltered during an SID 
and the apparent change is explained by the decrease in height. This is shown in Fig. 1. 
The full line gives the height distribution of recombination coefficient obtained from various 
ionospheric measurements. The circled points represent the values during SID’s. The 
heights have been computed from a normal height level of 75 km for reflection of 16 ke/s 
radio waves. It will be seen that the values during SID’s are not appreciably larger than 
what would be expected for these heights at normal times. This would indicate that A 
is not changed appreciably and, hence, any enhancement of electron concentration must 


be interpreted as an enhancement in q. 


Table 1. Ionization enhancement for a typical class 2 solar flare 





; Approximate wu vy 
Source Height (km) (minutes) (minutes) 





SPA (16 ke/s) 68 22 
Absorption (150 ke/s) | Entire region 70 


SEA (27 ke/s) 69 21 




















A second objection to the above hypothesis is that, in order to produce an appreciable 
change in A, the relevant ultraviolet wavelength must be enhanced by a very large amount. 
Thus, in the example given by Bates and Massey, a change of the photo-detachment 
coefficient of only about 1 x 10~1/s is obtained for an enhancement of Lx radiation by a 
factor of 105; assuming a normal photon flux of about 2 x 10!/cm?/s and a photodetach- 
ment cross-section of 5 x 10-17 cm?. On the other hand, the hypothesis of direct enhance- 
ment of g requires only an increase in the La radiation by a factor of about 10 for a typical 
flare. 

In view of above it seems reasonable to assume that the only way the fadeout enhance- 
ment of ionization may occur is from increase or generation of ionization through direct 
photoionization. There need not be any difficulty on this point if, as was originally sug- 
gested by Nicouet (1945), the relevant process is the ionization of NO by enhanced La 
radiation. In this case the ionization enhancement is an overall increase in the entire 
D-region. There is some evidence that such enhancement does actually occur. At any 
level, h, the enhanced flare ionization, N,, may be computed from the relation 


N,(h) _ 79(h) 


N,(h) — t4(h) 
where 7 is the relaxation time for the level and the subscripts n and f refer to the normal 
and flare times, respectively. 
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Let us consider the experimental results on SPA’s at 16 ke/s, the SEA results at 27 ke/s 
and the absorption results at 150 kc/s. The SPA and SEA results refer to heights around 
70 km and the absorption results to the entire region affected by the enhancement. For a 
typical class 2 flare the ratio N,/N,, ~ 3 in all these cases (Table 1) which strongly indicates 
a uniform enhancement of the electron concentration in the entire D-region. 


A. P. Mirra and R. E. JoNngEs 


Ionosphere Research Laboratory, 
The Pennsylvania State University, State College, Pennsylvania. 
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Atmospheric space charge 
(Received 3 March 1954) 


In a recent research note CHALMERS (1953) states that the total charge on the lower side 
of the ionosphere is zero, the positive charge above areas of fine weather being balanced 
by the negative charge over areas of thunderstorms. To prove this, CHALMERS considers 
a closed surface S, above the cloud level (enclosing the solid earth) on which the con- 
ductivity A, is constant. He then applies Gauss’ theorem to the volume between S, and 
a surface S, at still higher altitude within the ionosphere. The total space charge between 


S, and 8S, is given by 


inQ= | F.do+ | Fas 


CHALMERS apparently neglects F on the surface S,, on the grounds that it is within the 
ionosphere, a conductor. This may be legitimate in calculating Q, i.e. under purely electro- 
static conditions, but we cannot then equate —dQ/dt to 


1 
(=)a [- as 


but must put 
1 

—dQ/dt = (=) (2 [ F. dS + [ AF. as) 
4r J8, 83 


for A at S, is many times greater than A,. 
The concept of the ionosphere as the positive plate of a condenser of which the ground 


is the negative plate and the lower atmosphere the dielectric, is worth considering care- 
fully. We do know that there is a negative charge on those areas of the surface of the earth 
which are enjoying fair weather. We also know that, in general, the electric field is vertical. 
If there were a perfect conductor at some finite height and no space charge in the atmos- 
phere, then all the lines of force originating from the negative charge on the ground would 
terminate on positive charges on the under surface of this conductor. This can take place 
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only if the conductivity is uniform. A gradient of conductivity requires the existence of a 
space charge. For steady conditions, the current density must be uniform so that 


t = F A = F, 0-Ao 
where the subscript ‘‘0”’ refers to ground level. The amount of positive charge in a column 
of height A and unit crossection is 
h 
{ q . dz 
0 


where q is the positive space charge density. This is given by Poisson’s equation 


Integrating to a height h 


The surface charge on the ground ga is given by 


Hence in a column of height h, the space charge is equal and opposite to a fraction x of 
the surface charge. This fraction is 

_ Fy — Fodg/A(h) 

a= 
Fy 

= 1—[A,/Aa(h)] 
Values of x can be assigned for each height from values of the conductivity. The following 
table is based on values of total conductivity given by CALLAHAN et al. (1951). 








A(h) 





0 ft 3 x 10-4 (assumed) 
5,000 4:2 
10,000 7:3 
15,000 11-7 
20,000 19-0 
25,000 27-7 
30,000 38°5 











Thus it is not necessary to evoke the ionosphere or even the stratosphere; 90° of the lines 
of force emanating from the earth’s negative charge end in the lowest 10 km of the atmos- 
phere. In other words the troposphere is a sufficiently good conductor to shield the earth 
almost completely from the ionosphere. 

It is true that, in the absence of disturbing factors, the current density as measured 
at one place varies with the supply current. The catch, however, is in the condition ‘‘absence 
of disturbing factors.”” One would imagine that stations well away from centres of industry 
such as Watheroo and Tucson would be free of disturbing factors. However during the 
years 1931 to 1939 the annual mean current density at Tucson showed a steady increase 
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by a factor of 1-3 followed by a decrease of the same magnitude from 1939 to 1947. No 
such change was recorded at Watheroo. If each station reflects worldwide thunderstorm 


condition, they should vary together. 
W. D. ParKINSON 


Physics Department, Fordham University, 
New York 58, N.Y. 
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At the author’s request the above communication was sent to Dr. J. Alan Chalmers, who 
comments on it as follows: 


It all depends upon where one takes the surface S, referred to by Parkinson. His term 
{ AF ds gives the vertical current through the surface S,; now since there is an upward 
8, 


current through S, above storms and a downward current above fine weather, there must 
somewhere be a transverse, horizontal current. If we take S, to be above the level where 


most of this horizontal current occurs, then [ AF ds is small. 


Ss 
Actually, the result in the earlier note can be obtained slightly differently. Let us apply 
Gauss’ theorem to the volume inside the surface S,, including the earth, then we get 


[ F ds = —4rQ, without any S, (the negative sign arising from the sign convention used 
8; 


in atmospheric electricity), and, by the same argument as in the earlier note, if the surface 
S, is one of constant conductivity, Q@ decreases to zero and remains zero thereafter. Q is 
here the total charge below the surface S,; but this must equal the total charge above the 
surface S, up to the ionosphere, as can be seen by realizing that lines of force cannot 
penetrate the ionosphere, or by applying Gauss’ theorem to the whole volume enclosed 
by a surface S, drawn within the ionosphere at a level where there can be no field; this 
seems completely to obviate PaRKINSON’s criticism and to prove that the charge between 
S, and S, becomes and remains zero. 
J. ALAN CHALMERS 
Physics Department, Durham Colleges, 
Durham University 


The use of earth-potential measurements for magnetic- and 
ionospheric storm-indication 
(Received 22 March 1954) 


It is a well-known fact, that the measurement of the earth-potential differencés between 
points, separated by distances of several kilometres and more, give indications of more or 
less abrupt changes in the earth magnetic field. 

Using the underground telephone cables in the Netherlands these potentials in an East- 
West and North-South direction were measured and registered. However, in starting these 
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EARTH POTENTIAL MEASUREMENTS 
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measurements the results were very poor in consequence of the heavy electric railway 
traffic disturbing the diagrams. 

An important improvement, resulting finally in a practically perfect agreement of the 
registrograms with the magnetograms of the magnetic station of the Royal Netherlands 
Meteorological Institute (K.N.M.L.) in the Bilt, was arrived at, by using the connections 
indicated in the diagram of Fig. 1. The main feature of this diagram is that at the end of 
the circuit not one earthing-point is chosen, but several earthing-points and that these 
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points are situated 5-10 KM in various directions from the end-point of the toll-cable 
circuit. 

The circuit in the cable is the so-called ‘‘mid-point”’ of the telephone circuit, often 
indicated as the ‘‘superposed”’-connection formerly used for telegraph purposes. The 
diagrams of Figs. 1 and 2 need no further explanation; the east-west-direction is chosen as 
close as possible to the magnetic parallel; the north-south-direction to the magnetic 
meridian. The registering-meter of the first direction gives the horizontal intensity H of 
the earth-magnetic field, the second the declination. The slow changes in H, i.e. the diurnal 
change, is not followed by the potential-diagram; however, the changes, like ‘“‘crochets’’, 
sudden-commencements and storms are clearly indicated (see Fig. 3.). The scientific staff 
of the K.N.M.I. are studying the phenomenon further. 

The registering-meters are placed in the control-room of the radio-station of P.T.T. in 
Radio-Kootwijk, thus enabling the operating staff to note instantaneously the magnetic 
conditions with all its consequent effects on the radio-traffic. 

A. H. DE Voocr 
Netherlands P T T 
The Hague 
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Communication Theory. Edited by Wittis Jackson. Pp. xii + 532. Butterworths Scientific 
Publications, London 1953. 65s. 


The publication of this book constitutes a very satisfactory conclusion of a symposium on 
‘Applications of Communication Theory,’’ which was held at the Institution of Electrical 
Engineers, London in September 1952. There were about two hundred and seventy partici- 
pants in this symposium and these included ninety visitors from sixteen countries overseas. 
A useful and interesting account of the proceedings at the meetings, which extended over 
five days, was published in Nature for 20th December 1952, Vol. 170, p. 1051. The volume 
now available comprises the complete text of the thirty-eight papers presented at the various 
sessions together with the discussions, some of which are most illuminating and considerably 
enhance the value of the individual contributions. 

Engineers and scientists who are actively engaged in the development or practice of electrical 
communication have long been aware of the need to use every practicable device and technique 
which would economise the means employed to convey the desired information or intelligence 
from one point to another. The radio engineer has become all too conscious of the limitations 
of the frequency spectrum in accommodating the vast range of requirements of modern com- 
munication, broadcasting and television services. The radar operator encounters an analogous 
problem in his attempt to extract the utmost information from a somewhat different type of 
signal, which is not always easily distinguishable from the random noise background which is 
inherent in any communication system. 

While the theory of the transmission of information has been explored by some investi- 
gators for about a quarter of a century it is only in the past five years or so that the subject 
has become one of major interest in research laboratories in many parts of the world. Unlike 
many preceding publications the present volume has a distinct practical bias which arises from 
the fact that the objective of the symposium held in London in 1952 was to examine and assess 
the practical value of the recent theoretical work to the problems of electrical communication. 

After an opening address by Prof. Wi1LuIs Jackson, the organizer of the symposium and 
editor of the volume under review, a summary of communication theory is given by Dr. D. 
GaBor. The remainder of the book is divided into seven sections which together contain 
thirty-six papers, of which sixteen were contributed by workers in this country and the sources 
of the remainder were equally divided between the United States of America and Europe. 

Nine papers in the section on “‘Transmission Systems and Coding’’ discuss the relative 
merits of various types of modulation used in communication technique. This is followed by 
a section dealing with various aspects of the problem of selecting the desired signals to be 
received in the presence of a background of disturbing noise. Next the subject of ‘“‘Character- 
istics of Transmission Channels” is dealt with, including the study of the capacity of a trans- 
mission channel and its dependence upon the propagation time of the channel. The following 
three papers show the usefulness of Information Theory in its application to television problems. 
This is a subject of great topical interest in view of the advances being made towards higher 
definition and the use of colour, and the need to economise as far as possible the bandwidths 
used for television transmission. Later portions of the book are devoted to “A Theory of 
Hearing,”’ the ‘‘Transmission and Analysis of Speech” and to “Associated Studies,” including 
generators of information, human and other kinds, and the influence of informational theory 
on the structure of language. 

The book is rounded off by the concluding discussion in which several of the authors partici- 
pated, and which completes a very satisfactory and handy presentation of the proceedings of an 
important and timely symposium. Both the editor and the publishers are to be congratulated 
on taking the trouble to place on record what will undoubtedly form a basis for further progress 
in the art and practice of communication as a necessary accompaniment of modern civilisation. 


R. L. Smiru-Rose 
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TerRMAN, F. E. and Perrit, J. M.; Electronic Measurements. xii + 707 pp., 449 figures. 
McGraw-Hill, 1952. 72s. 6d. 


This volume in the McGraw-Hill “Electrical and Electronic Engineering Series’’ is the successor 
to Prof. TerMAN’s “Measurements in Radio Engineering,’’ which was published in 1935. 
Although it is regarded as the second edition of the latter, the revision and expansion of the 
meterial has been so radical that the book is effectively new. The change of title reflects the 
broadening of the scope and the realignment of outlook occasioned by the present-day ready 
availability of a great range of commercial electronic measuring equipment. 

As the authors point out in the preface no set experiments suitable for use in university 
ccurses are described since the emphasis has been on the fundamental principles of measurement 
and of their synthesis into more elaborate techniques for specific purposes or circumstances. 

The first two chapters are concerned with voltage, current and power. Particular attention 
is devoted to the valve voltmeter whose versatility merits the detailed discussion of circuital 
variations and of frequency and waveform effects. 

Bridges, null networks and resonant circuits are next considered in relation to the measure- 
ment of circuit elements and this is logically followed by an exposition of those properties of 
transmission lines, waveguides and cavities which enable measurements to be made at the 
highest frequencies, with systems having distributed constants. 

Consecutive chapters deal with frequency and with waveform, phase and time-interval 
measurements and discuss the determination of the parameters of modulated waves. 

A short chapter on valves serves as an introduction to amplifier and receiver measurements 
in which transient response, non-linear distortion and noise are adequately treated. Antennas 
and waves are considered in the two following chapters and brief reference is made to the deter- 
mination of the properties of the ionosphere and the ground. The last four chapters are con- 
cerned with the design considerations of the laboratory equipment required in the types of 
measurement already described, viz. oscillators, waveform generators, reactance and resistance 
standards, and attenuators and signal generators. 


The presentation of the material is comprehensive and yet critical. Over a thousand footnote 
references to original papers in American and British journals are given; there are numerous 
illustrations and these are well designed and expressively annotated. 

Although there are minor blemishes of detail, these hardly detract from the undoubted 
usefulness and achievement of the volume both for reference and as a text book for students 
of radiophysics and radio engineering. 


R. E. BurGeEss 


LyTTLETON, R. A.: The Stability of Rotating Liquid Masses. Cambridge University Press, 1953, 
147 pages. 35s. 


In this book Dr. LyTTLETON is concerned with the “‘fission” theory of the origin of binary stars 
—a theory which will always be associated with the name of Jeans. According to this theory 
the origin of such double stars is due to the break-up of a single mass by rotation. There are 
in any case a number of well-known difficulties in the astro-physics of this theory, but the author 
is not here concerned with them—the present volume is restricted to investigating whether 
the fission process as proposed by its advocates is consistent with the principles of classical 
dynamics. The problem of the evolution of rotating liquid masses has exercised the minds of 
many world-famous mathematicians, and LYTTLETON has performed a very valuable service in 
producing such an excellent connected account of this classical problem of mathematical 
astronomy. 

The book is effectively a critical review of numerous papers, many of an exploratory nature, 
which have appeared on this subject. The account is largely self-contained and includes excel- 
lent sections on those branches of pure mathematics—ellipsoidal harmonic analysis, Lamé 
functions, etc.—a knowledge of which ‘is essential to appreciate the argument. But the most 
valuable aspect of the book is that it places on record in connected form the author’s own 
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contributions to this problem—his elegant proofs of results obtained more laboriously by others; 
his carefu] investigation of stability, the point where Jeans fell into error; and his version of 
the cosmogonical implications of the correct solution of the mathematical problem. In spite 
of the difficulty of the subject the author has produced a very lucid readable account, a state 
of affairs to which the Cambridge University Press has made a notable contribution by main- 
taining i‘s very high standards of printing and display. 

The following is a sketch of the main contents of the book, though it does not follow the 
order of the chapters. The author investigates the possible forms which may be assumed by a 
steadily rotating mass of gravitating incompressible fluid of constant density, and demonstrates 
very elegantly the existence of an infinite linear series of Maclaurin spheroids and an infinite 
linear series of Jacobi ellipsoids; he shows how the shape in any particular case is connected 
with the angular momentum of the rotating body—a gradual increase of angular momentum 
implying an evolution along the sequence of forms. 

He then investigates which of the forms are dynamically stable when subjected to a general 
infinitesimal disturbance of the free surface not accompanied by any over-all change of volume. 
A general disturbance will contain all surface harmonics, and if any of the amplitudes shows an 
initial tendency to increase without limit, the basic form on which it is superposed is said to 
be unstable. 

It is here that great care has to be exercised in discussing stability questions for rotating 
systems, since unlike statical systems there are now two different criteria—that of secular 
stability and that of ordinary stability—which may not by any means always be simultaneously 
satisfied. An important chapter of the work is devoted to making absolutely clear, perhaps for 
the first time, the various distinctions between these, and the complete investigation of stability 
relevant to the problem in hand is duly carried out later in the book. 

In considering the cosmogonical implications of the study, LyTTLETON shows that JEANS’ 
explanation of the origin of binary stars, even granting all JEANS’ assumptions (now known to 
be largely unacceptable astrophysically), based on the famous fission theory, is not tenable. 
Fission of a uniform mass can almost certainly occur, but the masses of the two main portions 


must be far from equal, probably at least in the ratio 7 or 8 to 1, and more important still, the 
outcome of such fission must be to endow the components with relative velocity sufficient for 
complete escape from each other and not to set them in close orbital motion. 

The main contribution of the book to astronomical theory lies in the fact:that it would seem 
to dispose completely of the fission hypothesis and thereby remove what has been one of the 
major obstructions to progress with the greater problem of stellar evolution. 


Louis ROSENHEAD 


Brooks, C. E. P., and CarruTHErRS, N.; Handbook of Statistical Methods in Meteorology 
viii + 412 pages. H.M. Stationery Office, London. 1953. £1 5s. net. 


This book is described in the Preface as intended to serve both as a textbook and as a book of 
reference. It is, however, best regarded as a handbook. As a textbook it is incomplete in omitting 
(except for asterisked sections) the proofs of many of the results cited and used. Naturally 
only by such omission could the ground be covered in some 400 pages. 

The book falls into three parts. The statistical standpoint is eclectic, being neither ultra- 
conservative in the old style nor quite contemporary in the new. The nine chapters of Part I 
are occupied with such topics, namely observations, variates, distributions and parameters, 
as find place in the standard texts. The distinctive feature is that the examples and exercises 
(with answers provided at the end) are drawn almost entirely from meteorological data. Any 
reader (such as the present reviewer) who is not a meteorologist will be struck by the richness 
of statistical material in this field. Part I ends with a chapter on analysis of variance, well 
illustrated, in the two-way classification, by a hypothetical example of readings of four baro- 
meters by five observers. Interaction is treated in a starred section. 

Part II treats of multivariate distribution and correlation. To the reviewer the special and 
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most interesting feature is Chapter 11, on vector distributions, the illustrations being drawn 
largely from statistics of wind speed and direction, clearly a field congenial to the authors. The 
treatment of correlation is along the usual lines. Part II concludes with chapters on smoothing 
and interpolation, and on curve-fitting. If there is an antithesis here, perhaps its meaning is 
that interpolation and smoothing are primarily computational, while curve-fitting, carried out as 
it frequently is by least squares, is statistical. Even so, some of the methods of curve-fitting 
are based more on practical convenience than on theory. One of these (p. 298) is BROSTER’S 
method of fitting a polynomial. Divided differences of the data are taken until at some stage, 
say third differences, they show no trend. They are assumed to be constant but for random 
error; their mean a3, by NEwTon’s formula, then provides the highest term a,z3 in the poly- 
nomial. Its contribution is numerically removed from the data, which are then similarly treated 
for terms of lower degree. This seems to work well enough, but clearly has little basis in statisti- 
cal theory, since divided differences are correlated in a rather subtle manner. With respect to 
polynomial fitting, the reviewer does not know the form or nature of the tables mentioned as 
compiled by Schumann; his own experience is that for evenly spaced data the Fisher- Yates 
tables of orthogonal polynomials are adequate. The linear case of orthogonal polynomial 
fitting is exactly the same as that here ascribed (p. 281) to Marvin. Perhaps a cautionary 
point might have been made in this chapter, namely that if a nonlinear transformation, such as 
the taking of logarithms, is applied to data then the weights are altered. 

Part III deals with time-series, persistence, periodicity, harmonic analysis and periodograms. 
The harmonic analysis follows the usual lines, though with a minimum of theory, and sets out 
variants of the usual schemes for 12 and 24 time units. The discussion of periodograms is more 
interesting, especially the comparison (p. 372) of computing times taken on a test series by 
different periodograms. The short methods of ALTER, of CARRUTHERS and of Brooks, seem 
to come out very well. The book concludes with formulae, tables and a bibliography, largely 
meteorological but with some purely statistical textbooks and articles as well. 

The general impression is of a compilation of great value to researchers in meteorology, but 
not only to them; it should be supplemented, however. by some textbook on statistics proper. 


A. C. AITKEN 


BRUINING, H.; Physics and Applications of Secondary Electron Emission. Pergamon Press Ltd. 
London, and McGraw-Hill Co., New York. xii + 178 pp. 130 figures. 25s. net or $5. 


The subject of secondary emission has been something of a Cinderella in physics, and this is 
perhaps the more remarkable when it is realized how extremely important practically all 
associated phenomena are in the fields of radio, radar and television, to mention the out- 
standing examples. In his chapters on applications Dr. BruINING makes it very obvious that 
there are now many further applications of secondary emission and more to be expected. These 
chapters, and particularly the last of the ten which form this volume, prove most interesting, 
and indeed stimulating as they point clearly to the possibilities of fresh approaches in such 
recent developments as storage tubes for television, computing machines and memory devices 
in general. 

The literature on secondary emission is extremely extensive and it appears in a great variety 
of sources. If Dr. BrurninG had done no more than to indicate the nature of this literature and 
to give us references to the relevant sources it would have been a great service. This he has 
done in thorough fashion, and much more besides. The general treatments of the subject are 
almost as markedly limited as the more detailed are numerous. ‘The author himself is in fact 
the writer of the only other treatment of the subject in book form. His first book (in German) 
published in 1942 was a very necessary source book for many, and in this new volume they will 
find an answer to almost all of their needs in the expanding field. 

The subject has not proved particularly fascinating to the academic researchers, but this 
may well prove to be a serious error of judgment on their part. Perhaps as a result of this, one 
feels that the treatment of theory so far made is rather sketchy and general, although clearly 
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the obstacles in the way of detailed theory are many. It is to be hoped that the strong growth 
of interest which is apparent at present will be stimulated by the appearance of this book. It 
covers practically everything of importance, and should serve as an admirable guide to workers 
in all branches of electronics and students of the associated phenomena. 

There is one branch not discussed here—the emission produced by positive ions and atoms. 
It is of course not entirely pertinent to the main treatment, but already there is so much infor- 
mation in this compact volume that one is inclined to regret its separation from the rest. 

The treatment is admirably clear and free of any noticeable blemishes or errors. It is right 
up-to-date in discussion. It is produced in a very acceptable fashion with an unusually large 
number of figures and plates (130) which make for a quicker and clearer understanding. The 
book can be most highly recommended to all as a volume that will serve a very useful part in 
their work and study. It should indeed be of great value to beginner and expert alike. 


S. C. CurRANn 


Surron, O. G.: Mathematics in Action. G. Bell & Sons, Ltd., London, 226 pages, 16s. net. 


This is a lively account of the parts which mathematics can play in scientific progress. Its 
author, who has quite evidently enjoyed writing it, is a distinguished applied mathematician 
who has, since 1928, been associated with a number of fields of Government science, especially 
radar and meteorology. Till recently he was the Dean of the Royal Military College of Science 
and a Professor of Mathematical Physics; he is now Director of the Meteorological Office. Dr. 
SurTTon sees the task of the applied mathematician modestly, for it is that of using the tools 
provided by the pure mathematician to clarify and extend the observations of the physicist. 
Much of his book, therefore, is concerned with the tools of his trade, with the techniques by 
which he constructs imaginary worlds as an aid to the exploration of the real one. His chapters 
on examples deal, respectively, with ballistics, waves, flight, statistics and the weather, in the 
course of which he pays special tribute to the work of the Rev. Francis BAsSHFoRTH on ballistics, 
F. W. LANCHESTER on the theory of the finite aerofoil and of L. F. RicHarpson on weather 
forecasting by numerical processes. 

It should, however, be stressed that in spite of the author’s easy style, and Mr. A. J. LaAuRIE’s 
engaging picture-diagrams, the book cannot be termed a popular one. A knowledge of the 
Calculus is assumed on the part of the reader; but, with that, the author takes us up to the 
frontiers of knowledge in fields as fascinating as they are important. Perhaps a special recom- 
mendation of this volume might be proffered to the nuclear physicist—for it tells him about 


other worlds than his. 
E. V. A. 


LytrLeTon, R. A: The Comets and their Origin. Cambridge University Press, 1953. 25s. net. 


In this book the author gives an account of his new theory of the origin of the comets; the main 
part is rather technical, but since the author is of the opinion that the features of comets are not 
too well known even to astronomers, he begins by describing the dynamical and physical 
properties of comets as established by observational astronomy. These first two chapters of the 
book, which are enlivened by a great number of carefully chosen photographs of comets, can 
replace some of the earlier books on comets which appealed to a large circle of readers owing to 
the interest these unusual celestial objects arouse. The two subsequent chapters distinguish 
this book from all those previously written; here a new explanation for the origin and forma- 
tion of comets and their tails is given which can claim to be a scientific theory, open to quan- 
titative examination. The principal idea is briefly that the sun, during passages through galactic 
dust clouds, by its gravitational action causes the aggregation of dust particles; these clusters 
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will revolve round the sun and, under favourable conditions, become visible to us as comets. 

It will be for astronomers to test how far this new theory can explain all the strange obser- 
vations made on comets throughout the centuries. It has the advantage of not introducing like 
most of the earlier comet theories new and unfounded hypotheses as for instance ejection of the 
cometary material from the sun or the planets, or pulverization of an asteroid. For the exist- 
ence of dust clouds, on which the author’s theory is based, there is ample evidence, and his 
views are also in full agreement with other recent cosmological theories which were developed 
without reference to the problem of comets. 

One point may be of special interest to readers of this journal. Since SCHIAPARELLI’s work 
we know that at least some periodic meteor swarms are genetically related to comets, and this 
assumption has sometimes been extended by astronomers to meteorites because it seemed 
simplest to consider meteors and meteorites as essentially the same celestial bodies, differ- 
ing only in size. It is to the credit of geologists to have insisted that objects like meteor- 
ites can only have their origin in a celestial body akin to our earth, and not in a comet. Dr. 
LyYTTLETON’s inference that comets must be composed of small particles confirms this view. 
It is of course possible, and even likely, that some meteorites are so small that they are com- 
pletely consumed during their flight through the terrestrial atmosphere and it may not be 
feasible, by watching the luminous effect in the sky, to distinguish them from meteors. But a 
meteor, of cometary origin, can never have the size, and even less the structure, of the meteorite 
specimens of our museums. If we make use of CHAMBERLIN’S distinction between the “‘two 
solar families’, planets and comets (and their relatives), then the meteors—at least those 
connected with comets—belong to the second family, but meteorites to the first. 


F. A. PANETH 


NOTICE 


The Secretary-General of the International Scientific Radio Union (U.R.S.I.), 
announces the publication of the Proceedings of the Third Meeting of the Joint 


Commission on the Ionosphere (Canberra, 1952). 
This book is available at the General Secretariat of the U.R.S.I., 42 Rue des 


Minimes, Brussels (Belgium), at the following price: 200 Belgian francs, or 
£1 9s., or $4.0 (U.S.A.), postage included. 
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ABSTRACT 

A method is given for the computation of an h’-f curve for an ionosphere of arbitrary shape. The effects 
of the earth’s magnetic field may be included. The method is based on integral formulae involving the 
derivative of height with electron density, dz/dN, and misbehaviour of this derivative curve leads to 
inaccuracies in the results. The two integral formulae used are obtained as special cases of the Gauss- 
Christoffel quadrature formula. 

The procedure is applied to: (1) a linear layer; (2) a parabolic layer; (3) a cosine layer; and (4) an 
arc-cosine layer. The first three cases are studied with and without the earth’s magnetic field, and the 
results of the first two are compared with exact calculations by other workers. The cosine layer results 
are compared with those for a Chapman layer. The arc-cosine layer shows a maximum in the h’-f curve 
which does not correspond to any prominent feature of the electron density curve, showing a need for 


care in the study of h’-f curves. : 
A different method is given for the calculation of an h’-f curve in the case of penetration of a layer 


of arbitrary shape. 
1. INTRODUCTION 

In the course of a theoretical study of ionosphere layer production or of ionospheric 
irregularities, a worker frequently obtains a theoretical curve of electron density 
as a function of height. It would be desirable to have also a theoretical curve of 
group height as a function of frequency (an h’-f curve) for this layer, so that 
experimental h’-f records could be examined to determine whether the predicted 
result actually occurs in practice. Although such h’-f curves can always be com- 
puted by direct numerical integration, this is usually quite tedious, especially 
when the effects of the earth’s magnetic field are included. 

In the present work, we exhibit a method for carrying out such calculations 
rapidly and with considerable accuracy. This method is based on integration 
formulae which were obtained as special cases of the Gauss-Christoffel quadrature 
formula. These formulae were originally obtained by KELSo (1952) and (1954), 
for use in the solution of the integral equation for the electron density distri- 
bution. When the earth’s magnetic field is neglected, the present procedure is 
exact in principle if the derivative of height with electron density, dz/dN, is a 
polynomial (of not more than the ninth degree for the five-point integral used in 
most of this work, of not more than degree 2n — | if an integral formula with n 
points is used). If dz/dN is not such a polynomial, then the degree of the approxi- 
mation depends upon how closely some polynomial of degree 2n — 1 could approxi- 
mate the derivative curve. It should be noted carefully that it is not necessary to 
determine the approximating polynomial explicitly; the integration formula 
automatically accounts for the approximation. When the earth’s magnetic field 
is included, the limits on the accuracy of the procedure are not so easily stated, 
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but a comparison with exact results for linear and parabolic layers shows that the 
method is still quite good. 

In illustration of the procedure, it is applied to four different layers: (a) Linear 
layer; (b) Parabolic layer; (c) Cosine layer; and (d) Arc-cosine layer. All four 
of these cases are studied without the earth’s magnetic field, and the first three 
are also treated with the field included. In cases (a) and (b) we compare our results 
with and without the earth’s magnetic field. In case (c) we compare our result 
with the exact result for the cosine layer without the magnetic field, and with 
similar results for a Chapman layer, and a parabolic layer. Case (d) is one for 
which exact results are not available. These layers were chosen so as to include 
a number of different forms of behaviour, and to illustrate various points to be 
discussed in detail below. 

This method is limited to the consideration of horizontally stratified media 
where the index of refraction may be considered to be real, and where ray theory 
can be applied. In addition, we note that the fact that the curve of dz/dN is 
implicitly approximated by a polynomial leads to difficulties when this derivative 
curve has discontinuities, cusps, infinities, or otherwise misbehaves. The most 
common form of such misbehaviour is an infinity, which occurs, in particular, 
whenever the electron density, N, has a maximum value at some height, z. Thus. 
the integration formulae given here are valid only when studying a layer below 
the first maximum. However, in Section 7. we consider a different procedure 
which can be used, in some cases, to eliminate some of the worst effects of this 
difficulty. 

2. THE INTEGRATION FORMULAE 
Neglecting collisions, the group height of reflection, h’(f). for a signal of frequency f. 
incident at the height z = 0 at the bottom of a layer, and reflected at the height z,. 


is given by, 
h'(f) S| u'(z) dz, (1) 


0 
where y'(z) is the group index of refraction, and where the value of h’(f) is measured 


above the height z = 0. 
In the absence of an external magnetic field, (1) may be written, 


, a kg dz 
mp = [ EST 


where f,? = Ne?/am. 
In the presence of an external magnetic field, u~’, can be obtained from the 
Appleton-Hartree equation in the manner indicated by SHINN and WHALE (1952). 


Following the procedure in KELso (1954), we define a quantity G(f,?/f?) by, 
) 
V1 — felf? 
When the magnetic field is neglected, G(f,?, f?) = 1. 
Introducing this expression into (1), we obtain, 


P in G(fo?/f?) dz 
‘= | ar 


0 
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The group index of refraction, yw’, and, in consequence, G, depends only upon the 
ratios f,?/f?, and y = f/f (where f, = the gyrofrequency), and upon the propa- 
gation angle 9,. Since the integration in (4) is taken at constant frequency, this 
integral will be exact if the quantity G(f,?, f?) is calculated for a value of y corre- 
sponding to the (constant) frequency being used, and to the proper value of 6,. 
We are now in a position to develop two integration formulae. The first. 
which we call Formula A, is used throughout most of this work, and requires five 
points for an integration. Since it is difficult to extend this formula to use more 
than five points, we give at the end of this section, a second formula, Formula B, 
which is easily extended to use any desired number of points. 
To develop Formula A, we let, 
E(z) = fo°(2) 
u(&) = dz/dé 
FP = f* 
Then (4) becomes, 


y [7 SLE me 
. WFr—8 


hi(f) = 


s 


We note that, 
u(&) = dz/d& = dz/d(f,2) = dz/dN times a constant. 
Writing, 
a= e/F = fi'lf?, 
then (6) may be written, 
ia dx 
Vl—2z 
This equation has the same general form as Equation (23) in the paper by KELso 
(1954), and for which the following integral formula was obtained through use of 
the Gauss-Christoffel quadrature formula, 
dz 


h'(f) =f? 2 A; df.) (x,)G@(x,)* (10) 
i= 0 


A, = 0-13378 
A, = 0-29920 
Ag = 0-43824 
A, = 0-53817 
J; = 0-59046 


x, = 0-05169 
L_ = 0-25226 
X, = 0-53905 
XL, = 0-81252 
x; = 0-97788 


Before we can use the expression in (10), it is necessary to determine the values 
of G(x,) under suitable conditions. For present purposes we use a propagation 
angle of 6, = 23°16’ (i.e., a dip angle of 66°44’) and seven values of y which corre- 
spond to a gyrofrequency of 1-149 megacycles, and operating frequencies of 3-5, 
3-25, 3-0, 2-5, 2-0, 1-5, and 1-0 megacycles per second. The corresponding values 


* It should be noted that x, appears in this equation to emphasize functional dependence, and is 
not to be interpreted as a factor. 
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of y are given in Table 1, and it is emphasized that any set of frequencies and 
gyrofrequency which lead to these values of y can be used as well as the set above. 
In Table 1, we also list the products, 
€; = A,G(x,) 

for the seven values of y. Then (10) may be written, 

A'(f)=f? 2 “aan (z,) : Formula A (13) 
This is the first of the two integral formulae to be considered here. Other magnetic 
field conditions may be introduced by computing a different set of ¢,. 


Table 1. Coefficients in Formula A 








=i y= ~=3 i=4 








0-32828 0-13238 0-28250 0-37616 | 0-40198 1-0109 
0-35354 0-13231 0-28174 0-37379 | 0-40049 1-0356 
0-38300 0-13224 0-28091 0-37123 0-39932 1-0611 
0-45960 0-13207 0-27901 0-36561 | 0-39849 1-1111 
0-76600 | 0-13160 0-27396 0-35239 0-41155 1-2015 
1:14900 | 0-13128 0-27068 0-34594 | 0-43782 1-2354 


We wish now to return to (4) in order to develop the second integral formula. 
Formula B. Let, 

















t = folf 
u(t) = dz/dt = f dz/df, 


Then (4) becomes, 


dt 


: 1 G(t?) u(t) 
ni) = I aes 


If we assume that. 


then, 


< ee a ae 


+1Q 2 
h'(f) = | ee ae 
1V1l—# 


KeExso (1952) applied the Gauss-Christoffel quadrature formula to the evaluation 
of a similar integral, and obtained the result, which is written in our present 
notation as, 


h'(f) > . ,) : Formula B (1s) 
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To make Formula B suitable for calculations including the earth’s magnetic 


field, it would be necessary to prepare a table similar to Table 1, but with = G(t,,”) 


replacing the e,;, and calculated for appropriate values of t, as indicated in (19). 
Both of the integral formulae A and B, being based on the Gauss-Christoffel 
quadrature formula, have the property that the integration is exact, in principal, 
provided that the integrands (which are u(x,;)G(x,;) and u(t,)G(t,?), respectively) 
are polynomials of degree not more than 2m — 1, where m points are used in the 
integration. If the integrands are not polynomials of appropriate degree, then the 
results are approximations, as stated in the introduction. In the case of Formula A, 
we use five points, so that the degree of the integrand must be not more than 9, 
to give exact results. In the case of Formula B, we use n points in the formula, 
but 2n points over the doubled interval (—1, 1). Thus, the results here are equi- 
valent to integrating an approximating polynomial of degree 4n — 2. (To fit the 
criterion of 2m — 1, this would be a degree of 4n — 1, but (16) requires the poly- 
nomials to be even, and the greatest even polynomial of degree not more than 
4n — 1 is of degree 4n — 2). Thus, using n = 10 as in Section 4, we have the 
equivalent of an approximating polynomial of degree 38, over the double interval. 


3. APPLICATION TO A LINEAR LAYER 
We consider a layer whose electron density increases linearly with height, so that, 


Ne®/rm = f,? = az, (20) 
for a constant value of «. 
Then, 
dz|d(f,2) = 1a. 


Since the derivative, dz/d(f,?), is a constant, the integral Formula A, becomes, 


2 5 


Wif)=— > «&-. (21) 


&% i=1 
(a) No magnetic field 
When the magnetic field is neglected (y = 0), the G(x;) = 1, so that A; = ¢;. 
From (11), the sum of the A, is seen to be equal to 1-99985. KELSo (1954) showed 
that the exact value of this sum is 2, and that the difference between the two 
results arises because of numerical errors in computing the values in (11). 
Then, 
h'(f) = 2f?/a, 
which is the value from (21) using the correct 54,, and which can also be found by 
direct integration for this problem. Thus, the present procedure gives results 
which are exact to within the limitations of the numerical work upon which the 
Formula A was based. 


(b) With the magnetic field 
Finding the ><, from Table 1, we get the values shown in Table 2 for various y. 
The third column of this table is taken from Fig. 3 of the paper by SHINN (1953). 
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This last column is not very exact, since it was obtained by interpolation from 
SHINN’s system of curves (the curves are exact, but the interpolation was done 


by inspection). 


Table 2. Le, to be introduced into Equation (21) 





LE; Le; 
(from Table 1) (from SHINN) 





0-32828 
0-35354 
0-38300 
0-45960 
0-57450 
0-76600 
1-14900 











The agreement here appears to be about as good as can be expected, 
sidering the errors in interpolation. 


4. APPLICATION TO A PARABOLIC LAYER 


Let us now consider the parabolic layer defined by, 


z= Ynll — V1 — fof], 


where y,, is the semi-thickness of the layer, and f, is its critical frequency. 


ferentiating, 
Ymit 
2 == dz d( 3) = ace nn mrnowrne Thm 
IM fo 2V(1/R2) —a« 





where R = f/f... 


(a) No magnetic field 

As before, we use the integral Formula A, with ¢, = A,, where A; and x; are 
taken from (11). As an example of the calculations which follow, we consider 
in detail the case R = 0-9. Then we have, 





Ff? dz/d(f,?) A, f? dz/d(f,") 





0-05169 0-13378 0-41375y,, 0-05535y,, 
0-25226 0-29920 0-45403y,, 0-13585y,, 
0-53905 0-43824 0-53958y,, 0-23646y,, 
0-81252 0-53817 0-69268y,, 0-37278y,, 
0-97788 0-59046 0-88819y,, 0:52444y 





h’ = sum = 1-32488y,, 
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In Table 3 we show values of h’ for various R = f/f... The exact values in the 
third column are obtained through use of the well-known expression for h’ in a 
parabolic layer, 


1+R 
h’ = hy, Rin B hen (24) 


™ ee 


Table 3. Group heights for a parabolic layer in the 
absence of a magnetic field 





R=fif, | h’ (Formula A) h’ (exact) % error 





0-040546y,, 0-040544y,, 0-006 
0:16945y,, 0-16946y,, 0-006 
0:41586y,, 0:41589y,, 0-006 
0-8788€y,,, 0:87888y,, 0-002 
1-3249y,, 1-3250y,, 0-008 
1-7391y,, 1-7402y,, 0-06 
2-5524y 2-6202y,, 2-6 














Inspection of the derivative in (23) shows that it has an infinity at R = 1 
and x = 1. Thus, we would expect the results in Table 3 to behave as they do, 
becoming less exact as we near the critical frequency. The error can be decreased 


by using an integral formula using more points in the integration, i.e., by using a 
higher degree for the implicit approximating polynomial. We do that in the 
present case by applying Formula B with 10 points. This is equivalent to inte- 
grating an approximating even polynomial of degree 38. For R = 0-99, we get 
h’ = 2-6178y,,. Thus, we have about 0-1% error. The increase in precision was 
obtained at the expense of about twice as much computational labour in achieving 
the result. 


(b) With the earth’s magnetic field 


Exact results for this problem were given by SHINN and WHALE, using direct 
numerical integration of a transformed integral. 

Calculations for the parabolic layer in the presence of the earth’s magnetic 
field are carried out in the same manner as in (a), except that appropriate values 
of «; from Table | are used in place of 4,. 

Since the values of y used in Table 1 were chosen without regard to the fre- 
quencies used by SHINN and WHALE, exact comparisons with their results are not 
possible. However, we show three sets of points for which the value of y is suffi- 
ciently close to give a good comparison with the exact results of SHINN and WHALE. 
This comparison is given in Table 4, where the fifth column is the value of y 
actually used with Formula A, and the sixth column shows the correct value of y 
appropriate to the operating frequency. 
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Table 4. Group height for a parabolic layer in the presence of the earth’s magnetic field 





R =fif od iar and mae , A 
—— (Form ula A ) ‘Wasa % (used) (correct) 





28/32 = 0-875 1-1467y,, 1-4108y,, 0:38300 0-37512 
30/32 = 0-937 1-9865y,,, 1-9868y,, 0-35354 0-35020 


31-75/32 = 0-992 | 3°5223y,, 3°9623y,, 0°32828 0-33084 
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Fig. 1. Group heights for parabolic layer including the earth’s magnetic field, compared with 
exact results for this layer with and without the magnetic field. 


These results are quite good except when we are very near to the critical frequency. 

By adding seven values of h’ corresponding to the values of y in Table 1. we 
obtain enough points to make a good test. These are shown as circles on Fig. 1, 
with the exact values from SHINN and WHALE being given by the solid curve. The 
dotted portion of the curve indicates the region over which the results of SHINN 
and WHALE must be extrapolated: The triangles show the exact results which 
would be obtained if the magnetic field were not present. 

Other methods for treating the parabolic layer in the presence of the earth’s 
magnetic field were given by Mariani (1953) and ARGENCE and Mayor (1953). 
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5. APPLICATION TO A COSINE LAYER 


We now wish to consider a layer which has two special properties of interest. The 
first property is that the cosine layer is a much better approximation to a Chapman 
layer than the usual parabolic layer is. The second property is that this layer 
not only has the infinity in dz/dN at the maximum of the layer (which is of im- 
portance at or near the critical frequency), but it also has an infinity in this deri- 
vative at N = 0, independently of frequency. Some of the results for this layer 
were discussed by FRIEDMAN (1950). 
We define the layer by the expression, 
2 

So” =" | 1 + cos m(y,, — “vm (25) 
where f, is the critical frequency, and y,, is the semi-thickness of the layer. The 
form of this curve is given in Fig. 2, along with the corresponding curves’ for a 
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Fig. 2. Electron density distributions as functions of height for the 
cosine, Chapman, and parabolic layers. 





Chapman layer and the usual parabolic approximation to a Chapman layer. The 
height z is measured above the level where f,? = 0 in (25), and the three layers 


are taken with their maxima in coincidence. 
Without the magnetic field, the h’ for this layer is given exactly by. 


pe — 2Ymk K(R), (26) 


7 


where K(R) is a complete elliptic integral of the first kind, and where R = f/f. 
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Differentiating (25), 
f? dz/d(f,?) = 





2Ymit (27) 
V1 — (2R%x — 1)? 
When x = 0, this expression is infinite, independently of f. 

We use the derivative in (26) with Formula A, to obtain h’ for this cosine layer 
with and without the magnetic field. The results are plotted in Figs. 3 and 4. 
In Fig. 3, the correct h’ for the cosine layer in the absence of a magnetic field, as 
obtained from (27), is shown as a solid curve. The results from Formula A are 
given as circles when the magnetic field is included and as triangles when it is 
neglected. The error in this case is seen to be greater at all frequencies than it 
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Fig. 3. Group heights for a cosine layer calculated by the present method, with and without 
magnetic field, compared with exact results excluding the magnetic field. 


was in the case of the parabolic layer. This is because of the lower infinity in the 
derivative curve. As we go to higher frequencies, the error due to the lower 
infinity decreases, but we find that we are approaching the infinity at the layer 
maximum. 

In Fig. 4, we again give the results for the cosine layer in the absence of a 
magnetic field (using the results of (26)). This curve is shown solid. The exact 
results for a Chapman layer in the absence of a field are given as a dotted curve 
plotted from results given by JAEGER (1947). Corresponding results for a parabolic 
layer are given in the dashed curve. The circles on this Fig. show ‘‘corrected”’ 
values for the cosine layer in the presence of the earth’s magnetic field. These 
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corrected values were obtained by finding the ratio at a given frequency by which 
the results from Formula A would have to be increased to give the exact results, 
both in the absence of a magnetic field. Then we apply a proportional correction 
to the results from Formula A including the magnetic field. This should yield 
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Fig. 4. Exact group heights for the cosine, Chapman, and parabolic layers, 
neglecting the magnetic field, compared with corrected group heights for the 
cosine layer in the presence of the magnetic field. 


values for h’ which are extremely near to the correct results. Fig. 4 clearly shows 
the superiority of the cosine layer over the parabolic layer as an approximation 
to a Chapman layer. The advantage of the parabolic layer lies in the fact that its 
equation is more easily applied to various problems. 


6. APPLICATION TO THE ARC-COSINE LAYER 


The cases studied above have all been considered many times. by many authors. 
Even the cosine layer, which has not been used as often as the linear and parabolic 
layers, is nearly of the shape of the well-known Chapman layer. In the present 
section, we wish to study a layer which has a quite different form. This layer 
shape, while different from those usually considered, does not seem to be totally 
unrealistic, and some useful information can be obtained by studying this layer. 

We define this arc-cosine layer in two parts. The first part, for 0 < fy </f, 
(where f, represents some fixed frequency), represents one complete cycle of the 
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layer variation. The second part amounts to a repetition of the first cycle, and 
extends from f, < fy < V2f,. Thus, 
= Ymll + cos a(xR,*)], OSfo Sf (28) 
2 = Ym + Ymll + cos a(zR?—1)), fi <fo < V5 (29) 
where x = f/f? 
R,=fif 


These relations define the layer whose reflection height, hp, is given as a function 
of R, = f/f, in Fig. 5. Differentiating (28) and (29), we obtain 


f? dz/d( fo?) = zy,,R,? sin (72 R,?), 0<fo Sf, (31) 
f? dz/d(f2) = 7y,R,? sin (zk? —1), fr <fy < Vy (32) 


(30) 
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Fig. 5. Exact group and true heights of reflection for the arc-cosine layer, with computed group 
heights given as circles. Earth’s magnetic field neglected. 


Neglecting the earth’s magnetic field, and using the derivatives in (31) and 
(32), we find h’ for this layer. The result is shown as a function of R, = f/f, in 
Fig. 5. The computed points are shown as circles, and a smooth curve is drawn 
through the points. Over the lower region, 0 < fy < f,, the points lie very well 
on such a smooth curve. For the upper region, there is a greater scatter, for 
reasons to be discussed below. 

The h’ curve for this layer is very interesting. We note first that the minimum 
of the h’ curve coincides very nearly with the point, at R, = f/f, = 1. where the 
hy curve changes its curvature from concave downwards to concave upwards. 
The maximum of the h’ curve at about R, = 0-9, however, does not show any 
correlation with any obvious special feature of the hp curves. Although such 
behaviour could have been predicted by a careful consideration of the layer shape. 
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it does serve to emphasize the need for great caution in assuming that marked 
physical changes in the layer are the reason for anomalous behaviour of h’-f 
records. On the basis of the present h’-f curve alone, one might be tempted to 
suppose that there was some kind of “‘ledge”’ or ‘‘ripple” in the layer, and that the 
maximum of the h’-f curve occurred because of this “‘ledge.’’ This is, of course, 
not the case. 

The singularities appearing at the critical frequency for the parabolic layer and 
cosine layer, and also at zero frequency for the cosine layer, give illustrations of one 
type of misbehaviour of the derivative dz/dN which leads to errors when the present 
integral formulae are applied. The derivative for the arc-cosine layer exhibits 
another type of misbehaviour. For f < f,, this derivative curve is simply a sine 
curve, which is easily approximated by polynomials. However, for f >/f,, the 
derivative curve undergoes an abrupt change at f, =f. That is, the derivative 
curve has the form of the absolute value of the sine of an angle over an interval 
from zero to something greater than 7. When xR,? = 1, i.e., at fy = f,, we are at 
the zero point of the curve corresponding to an angle of 7. As we pass through 
this point the slope of the derivative curve changes abruptly from —zy,,R,? to 
+7y,,R,?._A polynomial cannot fit this region of the derivative curve very well. 
As we increase f, and thus R&,, the fit of the implicit ninth-degree polynomial 
changes somewhat erratically, so that the results become subject to an error, which 
is not uniform with f. Therefore, the points for f > f, are subject to a scatter. 
This scatter does not prevent the results from being sufficiently accurate for most 
purposes to which h’-f curves are put. 


7. LAYER PENETRATION 


It is not possible to obtain useful information concerning the group path for 
frequencies above the critical frequency using the present method, at least without 
profound modifications. In such a case, the derivative curve has an infinity inside 
the range of integration. This infinity arises because dz/dN is infinite where the 
layer has a maximum. When applying either Formula A or Formula B, the re- 
sultant h’-f curve will have in it infinities which appear each time one of the points 
x,, or t,, coincides with the infinity of dz/dN. Since these infinities are physically 
unreal, the h’-f curve for f > f, is more or less meaningless. 

If we have two layers to consider, such as an E-layer and an F-layer, we can 
treat the problem in three stages. We can first consider the group path of the 
signal in the two layers independently. This can be done for frequencies less than 
the layer critical frequency by the present method. Thus we have separate h’-f 
curves for the H-layer and the F-layer. For frequencies up to the E-layer critical 
frequency, no signal reaches the F-layer, so that the H-layer h’-f represents the 
correct curve for the combined layer up to this frequency, and the corresponding 
portion of the F-layer h’-f curve can be omitted. For higher frequencies, the signal 
penetrates to the F-layer and the F-layer h’-f curve must be used. However, to 
these values of h’ we must add the group path in passing through the H-layer. 
This last part of the group path is for the case that cannot be studied by the present 
method. Thus, we are interested in a procedure for finding the group path for a 
signal which penetrates a layer. 
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For this penetration case, direct integration of the integrals for h’ given in (2) 
and (4) would, in general, be easier than in a case where the signal is reflected in the 
layer, since the denominators of the integrands will not vanish. However, this 
can still involve a great amount of computational labour if the integration cannot 
be carried out explicitly. In the present section, we offer another method which 
can be of use in some cases. We consider only the case where the magnetic field 
is neglected, but the extension of this material to include the magnetic field is 
obvious. 

Consider the integral (2) for the group height, with the upper limit replaced by 
z,, which represents a fixed height up to which we wish to integrate. Since the 
signal is assumed to penetrate the entire slab through which we integrate, the 
ratio f,/f is always less than unity. Hence, we can expand the denominator in an 
infinite series, obtaining, 


Weg 38 { "(fa2lf2) dz + % [usin be... (33) 


The layer can be defined in terms of a function, 
NIN = fe lf. aie F(z), (34) 


where N,, is the maximum value of the electron density, and f, is the critical 
frequency. 
Now, 


Sorlfe? = (forlf?) (f?/f.”) 
fo°/f? = (1/ BR?) F(z) (35) 
where R = f/f... Then, (33) becomes, 


i gg ee ‘3 F(z) dz + 22) is F(z) dz + (36) 
0 R* Jo 


Thus, 


R2 





(1/2) (1/2 + 1) (1/2 + 2)... (1/2 +n) : F(z) dz + 
0 


ci, R2" n! 


The sequence of integrals involved here is independent of the frequency, which 
appears only in the R. In the more straightforward way of finding the h’-f curve, 
one would have to deal with a single integral, but one which changed with fre- 
quency. This variation with frequency is no difficulty if the integration is carried 
out exactly, but can be troublesome in numerical work. Thus the present material 
is especially suitable for layers where F”(z) can be integrated conveniently, but 
where 1/1 — F(z)/R? cannot. 

As an example of this method, we consider complete penetration through a 
cosine layer, whose equation is given by (25). The exact solution can be obtained 
here, and is given by, 


4 
h’ = K(1/R) (37) 
where K(1/R) is a complete elliptic integral of the first kind. 
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The integrals in (36) are also easily computed in this case. In Table 5, we give 
a comparison of the results of applying (36) and the exact results for several values 
of R = f/f,. The second column gives the exact results, while the remaining col- 
umns give the sum of (6) up to three terms, five terms, ten terms, and twenty terms. 


Table 5. Group heights for penetration through a cosine layer 





Sum of (36) after n terms 





exact h’ 
n=3 n=5 





2-95663 2-6053 2-7853: 
2-63224 2-4829 2-6140 
2-30418 2-2778 2-3036 
2-14636 2-14258 2-14633 
2-08805 2-0872 2-08811 
2-02050 2-02045 2-02046 
2-00503 2-00506 — 




















The dashes in the table indicate that the values did not change appre- 
ciably as succeeding terms were added. The labour involved in computing the 
values in this table (and for 8 other values of R) is less than would be required 
if (2) were evaluated for the same number of frequencies by direct numerical or 
graphical integration. The convergence of the series is seen to be quite slow when 


R is very nearly equal to unity. However, for fairly large values of R, the con- 
vergence is quite rapid. The number of significant figures carried here is con- 
siderably larger than needed for most group height problems. Thus, even the 
worst case in Table 5 gives the result to within an error of 3 in the third place 
with 10 terms. A similarly accurate result is obtained with only 5 terms for 
R = 1-2, and not more than 3 terms for the remaining cases. Since this is less 
than the usual experimental errors in this type of work, the present method is 
seen to be suitable for many problems. 
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ABSTRACT 
The vertical distribution of molecular oxygen above 100 km, obtained from recent rocket data, cannot 
be explained by photo-chemical equilibrium. 

An aeronomic study of departures from photo-equilibrium conditions in the lower thermosphere 
shows that atmospheric mixing or diffusion must be operative. It is concluded that the process of 
diffusion contributes increasingly to molecular oxygen concentrations at greater heights. By considering 
a diffusive equilibrium, it is found that new information can be obtained for various aeronomic processes , 


1. INTRODUCTION 


It has been shown by NIcoLet and MANGE (1952, 1954) that the problem of oxygen 
dissociation above 100 km does not depend on photo-equilibrium conditions, but 
on atmospheric processes such as molecular diffusion and mixing. 

Using incomplete observational data they have discussed the conditions for 
departure from photochemical equilibrium. Recently, NIcoLEeT (1954a) has con- 
sidered the atmospheric motions which are necessary to maintain mixing effects 
in a vertical distribution of molecular oxygen. 

Consistent rocket data on the total content of molecular oxygen have been 
obtained very recently by Byram, CHuBB, and FRIEDMAN (1954). They are 
particularly useful in checking the atmospheric behaviour as far as the dissociation 
of oxygen is concerned. Thus, this question is considered in this paper. 


2. VERTICAL DISTRIBUTIONS 
Above 110 km, the atmospheric behaviour is well represented by the equation 


p|Po = (H/Hy)~*” (1) 


in which p denotes the pressure, H the scale height, and # the constant gradient 


of the scale height. 
According to Havens, Ko iu, and LaGow (1952), we can adopt, at 120 km, 


Po = 3:5 x 10-5 mm of Hg, Hy) = 10 km and # = 0-2. 
In the aeronomic problem (NicoLeT and Bossy, 1949), the atmospheric 
concentration will be given by the equation 


n/N = (ajay (2) 


in which n denotes the concentration of the principal constituent. 

When we consider a minor constituent such as O, in an atmosphere consisting 
of atomic oxygen and molecular nitrogen, it is possible to consider a priori a 
vertical distribution of this molecule according to various laws. Therefore, we 
can write the following equation 


n(Oz)/N%(Og) = (R/H) =e tn (3) 
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in which X is a parameter determining a certain distribution. It is evident that 
X = 1 means a vertical distribution of O, following the atmospheric distribution. 
When X = 1-28, molecular oxygen is distributed with height according to a 
diffusive equilibrium, for it is easy to show that 


X =[B + m(O,)/m(M)}/1 + B (4) 


is satisfied under this condition. 

When X = 2-93, equation (3) describes molecular oxygen which is in photo- 
chemical equilibrium at altitudes where the optical depth is negligible. In other 
words, the photochemical equilibrium equation is 


n(O,) = kyn(M)n?(O)/J, (5) 


in which k,n(M) is the recombination coefficient depending on three-body collisions 
with the atmospheric particle M, and J, is the photodissociation rate coefficient 
which is constant. Since k, oc T"/* oc H'? and n(M)n?(O) oc H!"*, the exponent leads 
to 2-92 for the value of X. 

Any intermediate value between X = 1 and X = 1-28 in equation (3) repre- 
sents a vertical distribution of O, between mixing and diffusive equilibrium, and 
any value between X = 1-28 and X = 3 a distribution corresponding to unstable 
conditions between diffusive equilibrium and photo-equilibrium. 


3. CALCULATED CONCENTRATIONS 


Rocket data published by Byram, CHUBB, and FRIEDMAN (1954) give the total 
number of molecules versus height, namely values of the order 6 x 10-3 atmo-cm 
(N.T.P.) at 108 km, 3 x 10-3 at 112 km and 10-% at 118 km. These values indicate 
a slow decrease with height of the concentration above 110 km. 

According to equation (3), the concentration will be given by 


xX ae oe) 
n(O2) = ” = | n(O,) dz 


if the observations are represented by 





os ra n(O.)H ” 
['sOna = sre ") 





Adopting 3-5 x 10-2 atmo-cm at 110 km, the observational data are accounted for by 
a value of X = 1-28. Fig. 1 shows the vertical distribution versus height of the 
total number of O, molecules compared with the total number of atmospheric 
molecules if there is no dissociation.* With such a distribution the rocket data 
are followed with a precision of +15%. Inotherwords the observational points are 
inside of the two dashed curves corresponding to (3-5 + 0-5) 10~* atmo-cm at 110km. 

Therefore, the vertical distribution of O, is obtained from (6) using X = 1-28. 





* These data do not agree exactly with those published by the Rocket Panel (1952). However, 
following Naval Research Laboratory data closely, there is only a difference in height of between 1 
7 


and 2 km. 
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4. DEPARTURE FROM PHOTO-EQUILIBRIUM CONDITIONS 
Considering that n(O,) < (O) and that the differential equation representing 
photochemical conditions for oxygen is 


dn(Q,) 


eer oe n(O)J 2 — kyn(M)n?(O) (8) 


we may write the approximate solution as follows 


kn(M)n?(O) 


ae —Jol 
eee (9) 


n(Oz) = M9 (Og)e~7#* + 


From observational results n,_, (O,) must be, at least, the concentrations obtained 
by diffusive equilibrium. They are greater than the photochemical values. There- 
fore, the times which it is important to consider are given by the exponential 
factor J,t. Since J, = 1:56 x 10-® sec! at zero optical depth (NicoLeT and 
MANGE, 1954), the decrease of n(O,) as a function of time is very slow. As may be 
seen from Fig. 2, 5 days (of 12 hours duration) are required to reduce the con- 
centration to 70% of its initial value. Furthermore, 35 days are needed to reach 
10% of the diffusive equilibrium value. On the other hand, it also requires 35 days 
to reach the photochemical value (90°) and we are dealing with aeronomic 
conditions corresponding to departures from photoequilibrium conditions. 

Using the numerical values indicated in Section 2 and k, = 5 x 10-347" 
(Bates and Nico.et, 1950), equation (3) with X = 3 provides the photochemical 
values of n(O,). At 108 km, the concentration is 1-5 x 104% cm~* while the value 
adopted from rocket data is of the order of 1-5 « 10" cm~-% at 110 km. Therefore, 
we may choose 110 km as a sufficiently good approximation for an initial level to 
compare all the possible vertical distributions of O,. 

The results are given in Fig. 3 in which the full curves show vertical distri- 
butions of O, according to mixing, diffusion and photochemical equilibrium. 
Dotted curves represent intermediate states between diffusion and photo-equi- 
librium conditions. Since the photochemical values are negligible (104 times less 
at 170 km) compared with the observational values, it is important to determine 
the magnitude of diffusive transport effects. 


5. Upwarp Dirrusion oF MOLECULAR OXYGEN 


If the loss of oxygen molecules by photodissociation is not more than 10%, per 
day, the increase of concentration by diffusive transport is very large. 

Considering that the velocity of diffusion of a minor constituent is given by the 
following equation (CHAPMAN and Cow Ling, 1939) 


: 2 D 1 dn(O,) ; m(Qz) 
(0) = — 5 | 55 dz ( +m) sig 


in which D is the ordinary diffusion coefficient, we can calculate the velocities of 
diffusion using various values of X. 
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Fig. 1. Total number of O, molecules versus height. One atmo-cm equals 2:7 x 10!* molecules. 

The vertical distribution of undissociated O, molecules corresponds to the atmospheric distribution 

in a mixed atmosphere; the diffusive equilibrium distribution is based on an absolute ‘value at 
110 km given by rocket observations. 
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Fig. 2. Variation of O, concentration that is larger than a photo-chemical equilibrium value when 


solar photodissociation is acting. The number of days (12 hours duration) corresponds to a 
dissociation effect associated with a 4500°K radiation temperature. 
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Starting with X = 3 (photochemical equilibrium) we see in Fig. 3 that the 
upward transport velocities increase with height. At 160 km, for example, the 
O, concentration has increased more than 10 times in less than 3 hours. 

In other words, when the time required to reach photoequilibrium is several 
days, the time to reach diffusive equilibrium is only a matter of hours or a few 





EMIXING DIFFUSION 
X=| xX=128 
74 
J XaN5 























ATIVE > 


32km/3hr 














| 
PHOTO-EQUILIBRIUM 

















10° 1o* 
=— 02 mol per cm 
Fig. 3. Vertical distribution of molecular oxygen from 110 km to 350 km following mixing, 
diffusive and photochemical equilibriums. The effect of vertical velocities due to the diffusion 


process is shown by arrows indicating an upward motion of O, molecules during an average time 
of 3 hours. 


days. Since it is not the purpose of this paper to attempt to discuss the entire 
problem of diffusion of O,, the numerical values will not be considered further. 
However, it can be pointed out that the molecular oxygen concentration must 
decrease with height following a diffusive equilibrium if atmospheric mixing is not 
involved. In other words, the values obtained from a diffusive equilibrium 
correspond to minimum values. Since mixing due to atmospheric motions (vertical 
winds) must exist, it is possible that the vertical distribution of O, follows that of 
the atmosphere. It appears that this would not lead to a regular distribution. 
However, in their analysis of other rocket data, more difficult to interpret, NICOLET 
and MANGE (1954) have found that there is a possibility of strong mixing. In any 
case, the actual concentration of O, will be given by an intermediate distribution 
between mixing (maximum value) and diffusion (minimum value). At 200 km, 
for example, the concentration of O, is 107 cm~-%, but can reach 10*°cm-%. This 
problem will be discussed in a forthcoming paper. 
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6. THE TRANSITION REGION BELOW 110 KM 


The percentage dissociation of O, can be obtained if an atmospheric model based 
on pressures obtained from rocket data is assumed. In this paper, the value of the 
pressure at 120 km published by Havens, Koix, and LaGow (1952) is used with 
a linearly varying scale height of gradient 8 = 0-2. Above 110 km this model, 
which does not differ appreciably from the Rocket Panel (1952) model, leads to 
correct values for the concentrations. However, when the percentage dissociation 
of O, is computed, the result is very sensitive to the assumed model. 

If we compare the number of molecules per cm? (see Table 1) obtained from 
the Rocket Panel Model and from our model for an atmosphere without dissociation, 
it is evident that the differences can be neglected. 


Table 1. Concentrations of molecules in an undissociated atmosphere 


Altitude (km) | Rocket Panel | Nicolet 

| | 

| | 
100 103 1013 
ae 102 3-92 x 1022 
115 | 102 1012 
1200 | 1012 1012 
125 | 190 101 
130 10u 104 











Hower er, when the percentage of dissociation is computed from the formula 
% = [1 — n(O,)/0-2n(M)]100 (11) 


it is found that the value obtained is very sensitive to small variations in n(O,) 
and n(M). For this reason, it is very difficult to determine the aeronomic con- 
ditions below 110 km where the percentage of dissociation is less than 70 or 80%, 
while it is easy to follow the dissociation above 120 km. In diffusive equilibrium 
we have the results shown in Table 2. These results are of the same order as the 
observational results obtained by Byram, CHUBB, and FRIEDMAN (1954) between 


120 and 130 km. 


Table 2. Percentage of oxygen dissociation above 120 km in diffusive equilibrium 





Altitude (km) Percentage Altitude | Percentage 





120 | 90-5 
125 | 91-5 
130 | . 92-0 
135 | q | 92-5 
140 . 93-5 
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This procedure cannot be used below 110 km. In this region, n(O,) becomes 
of the same order as »(O), while solution (9) of equation (8) is only valid when 
n(O) > n(O,). Furthermore, the photochemical equilibrium value of n(Q,) is 
not very different from its diffusive equilibrium value so that it is difficult to 
follow theoretically the vertical distribution of O, and O at lower heights. Finally, 
the photo-equilibrium value is dependent on the increasing optical depth in terms 
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Fig. 4. Vertical distribution of molecular and atomic oxygen in the transition region when the 
photochemical equlibrium depends on a 4500°K radiation temperature. 






































of the total number of O, molecules. Using the equation of photochemical equi- 
librium (equation (8) in which dn(O,)/dt = 0) 


n(O,)J_ = kyn(M)n?(O) 


and the numerical values of J, given by NICcOLET and MANGE (1954), it is easy to 
see that the transition region must be between 95 and 105 km.* In Fig. 4, the 
curve of n(O) below 108 km represents an equilibrium distribution showing that 
the maximum of the concentration of atomic oxygen is of the order of 2 x 10!? 
om, 

However, considering a specific level, such as 97 km, where n(O) < n(O,), it 
is easy to see that the time, 7p,., of recombination defined by 


Tec(O) = 1/kyn(M)n(O) 


is still longer than one month. For this reason, all the indicated concentrations 
below 100 km are minimum values. Atmospheric motions may act during one 
month to enhance the atomic oxygen concentration increasingly in the downward 





(*) The parameter of temperature is 4500°K. 
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direction. If a concentration of 2 x 102 atoms is reached at 97 km, the time of 
recombination is still one month. This result means that the percentage of 
dissociation of O, equals 20%. 

As an example, let us consider a concentration of oxygen atoms of the order 
of 2 x 10!2 cm-% between 85 and 95 km, namely a percentage of dissociation from 
2% to 13%. The time of recombination increases from 85 km to 95 km, by steps 
of 2-5 km, from 4 to 6, 9, 14, and 20 days. These results demonstrate that con- 
centrations of atomic oxygen do exist which are larger than those given by 
photochemical equilibrium. 

Therefore, even if the entire process in the transition region depends primarily 
on the photochemical action, the exact vertical distribution of atomic oxygen, 
nevertheless, is subject to atmospheric motions. 


7. CONCLUSIONS 


Since molecular oxygen has a vertical distribution above 110 km which is com- 
pletely different from a photo-equilibrium distribution, many aeronomic processes 
must be studied in another form. 

The presence of O,+ bands which was found by Nico.et (1948) in the auroral 
spectrum and recognized afterwards in their spectra by VEGARD (1950), PETRIE 
and SMALL (1952) and GARTLEIN and SHERMAN (1952) are not limited in altitude 
by the O, content but by the process of excitation. 

An excitation process of the oxygen green line in the airglow (NICOLET, 1954b) 
can be identified with a dissociative recombination process O,+ + e+ O-+4 0 
following a charge transfer process like O* + O, > O,* + O. Ifsuch a mechanism 
may be operative in the aurora (SEATON, 1954), it is not limited only to the lower 
regions, and consequently may depend on the variation of the electron con- 
centration. 

It was formerly postulated that the rapid decrease of O, with altitude was an 
objection against the origin of the H-layer by ionization of O,. In fact, the problem 
of the formation of the H-layer depends on the number of solar photons emitted 
in the ultraviolet region 1030-910A and in the x-ray region. According to recent 
rocket measurements (ByRAM, CHUBB, and FRIEDMAN, 1953), the number of 
x-ray photons appears to be larger than the number of ultraviolet photons and, 
therefore, the origin of the H-layer should be due to x-rays. Nevertheless, the 
presence of O, at high altitudes must have an important effect in Region F’, in 
that it can explain the charge transfer needed by Bates and Massey’s (1947) 
hypothesis for the recombination. 
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ABSTRACT 

The results of a comprehensive series of observations on the absorption of radio waves during the process 
of ionospheric reflection are described. Such observations have included experimental studies of the 
dependence of atmospheric absorption | log p | (p being the effective ionospheric reflection coefficient), 
on the radio wave frequency f, on solar zenith distance y and on solar activity as expressed by the 
sunspot number R. For the last-mentioned purpose the time-series of comparable observations has 
extended over a period of nearly two sunspot cycles. It is found that the variation of | log p| with 
f is adequately explained by the magneto-ionic theory of ionospheric dispersion and absorption, pro- 
vided that v? <(f + fz)?, where y is the electron collision frequency and fy, is the gyro-frequency 
corresponding to the vertical component of the geomagnetic field. On the other hand, the dependence of 
| log p | on cos x, examined either diurnally or seasonally, is found to be irreconcilable with simple 
theory if v is so restricted and the absorbing layer is formed in an isothermal atmosphere of uniform 
composition in which the electron recombination coefficient is independent of pressure. Such a simple 
theory predicts that | log p | should be proportional to (cos y)" where n is 1-5, whereas some hundred 
diurnal examinations of this relationship yield an average value for n of the order of 0-75. Possible 
explanations of this discrepancy are that the electron recombination coefficient falls off to some extent 
with increasing height and that the temperature of the absorbing stratum is not uniform, but increases 
upwards. It seems, however, clear that the removal of electrons from the absorbing layer cannot take 
place by way of a process described by an attachment law. 

Seasonal studies of the dependence of | log p | on cos y have confirmed the existence of a winter 
anomaly, which has been evident during the months of November to February ever since the series of 
observations was started in 1935. This winter anomaly is characterized by the occurrence of excessive 
absorption on certain groups of days during the months mentioned, a phenomenon which is not paralleled 
during the rest of the year. A statistical study shows that the occurrence of these days of high absorption 
is directly correlated with the occurrence of sporadic reflecting strata below the level of the E Layer. 

A series of noon measurements of absorption, of eighteen years’ duration, has demonstrated a general 
direct correlation of | log p | with sunspot number R. Sunspot-cycle control is, however, more evident 


in summer than in winter. 
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Various lines of evidence emerging from the experimental results show that the absorbing stratum 
must be located below the # Layer, and the general conclusion reached is that it lies within the 1) 
Region. Arguments are also advanced for concluding that the ) Layer cannot be the seat of the currents 
responsible for the quiet-day solar magnetic variations S,; while other considerations indicate that the 
layer of temporarily enhanced ionization caused by solar flares can, likewise, not be identified with the 
S,, current layer, as has previously been widely supposed. It does, however, seem most probable that 
sudden ionospheric disturbances associated with solar flares are due to augmentations of ionization in 
the normal absorbing layer, the ionization density being increased there by a factor of from 5 to 10. 


l. INTRODUCTORY 


The present communication deals with the results of an extensive series of obser- 
vations on the absorption of radio waves in the ionosphere. This series of obser- 
rations was begun, as far back as 1935, by way of a sequence of daily noon 
measurements of the ionospheric reflection coefficient, at vertical incidence, on a 
frequency of 4 Mc/s. While this sequence has been continued up to date it has also 
been supplemented by similar studies on other radio-frequencies and at other times 
of the day. Our object in this work has been to identify the ionospheric stratum 
mainly responsible for the absorption of radio waves as well as to reveal its diurnal, 
seasonal and sunspot-cycle characteristics. The experiments have shown that this 
absorbing stratum is to be identified with the atmospheric range of levels usually 
designated as the D Region, and our work has therefore developed into an investi- 
gation of geophysical events in that stratum. It may be added that we do not 
at present know of any other radio method of obtaining wholly comparable 
information, though upper-atmospheric rocket sounding may well be expected to 
yield information about the D Layer which even our radio absorption experiments 
fail to disclose. 

A very full account of the experimental techniques we have used to determine 
the absorption of waves in the ionosphere has appeared recently elsewhere 
(PiccGoTT, 1953a) and we shall, therefore, not discuss the details of the procedure 
in this paper. Using these techniques, the data presented here have been analyzed 
in such a manner as to minimize errors due to spatial attenuation, scattering and 
fading phenomena, or polarization and dispersion changes. 

In this paper we have, therefore, restricted our discussion to the interpretation 
of our measurements of absorption in terms of ionospheric and magneto-ionic 
theories and to the relations between the ionospheric structures suggested by the 
data and other geophysical phenomena. 


SoME RELEVANT THEORETICAL CONSIDERATIONS 


In the normal method of ionospheric exploration by pulse sounding the intensity 
of the returned echo !s determined by three types of attenuation. In the first 
place there is the usual spatial attenuation; secondly there is the ‘‘frictional’’ 
attenuation due to the communication of wave energy to the gaseous medium 
by way of electronic vibrations and collisions; while, thirdly, there are possible 
scattering effects caused by the diversion of wave energy from the main stream by 
ionospheric irregularities. 

In the usual method of measuring the ionospheric reflection coefficient p by 
comparing the amplitudes of successive echoes in a sequence of multiple reflections 
between the ionosphere and the ground, we automatically allow for the normal 
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spatial attenuation. The magnitude of the ionospheric reflection coefficient is 
then determined by ‘‘frictional’’ attenuation and by scattering. Since, however, 
we consider the scattering by electronic clouds to be very much the minor of these 
two processes, we shall, for the time being, neglect it as a first approximation. 
We picture, then, the ionospheric attenuation with which we are concerned as 

taking place along the radio wave path and as expressible in terms of the usual 
type of absorption coefficient « where 


E = E,e-* (1) 


Here EF is the emergent electric intensity of a plane wave, of incident electric 
intensity H,, after passing through a uniform stratum of thickness s and of 
absorption coefficient x. 

In the case of the ionosphere, however, « is, in general, a function of both 
position and direction of propagation relative to the earth’s magnetic field, so 
that (1) becomes 

fale? (2) 


where the integration of « is taken over the whole path traversed by the waves. 
If we deal with the case of vertical incidence, J, refers to the strength of the incident 
wave on the ionosphere and J to the emergent wave. We can then call J/J, the 
apparent reflection coefficient (p) though it should be noted that, although p is 
formally analogous to the reflection coefficient of a sharp boundary, the physical 
processes envisaged are not the same in the two cases. In the ionospheric case. 


for example, the actual attenuation often takes place in parts of the ionosphere 
which do not bend the wave tracks appreciably. The quantity is however a con- 
venient parameter to use in the reduction of experimental observations. 

It will readily be seen that 


(3) 


or feds = —log p (nepers) = —8-7 log p decibels (4) 


The measurements of absorption considered below are expressed in terms of the 
quantity {«xds, the units used being nepers. It is convenient to use the expression 
“the absorption’”’ to denote the quantities {x ds or —log p, qualifying this expression 
where necessary to indicate the limits between which « is integrated. 

The general magneto-ionic theory of the absorption of radio waves, passing 
through a gaseous medium containing free electrons in the presence of an imposed 
magnetic field has been extensively developed by APPLETON (1932 and 1937), 
Booker (1935), and FARMER and RatTcuiFFE (1935), and need not be given here. 
It is sufficient for our present purpose to take over the basic formulae relating « 
to the other relevant physical quantities. 

Let us consider first, for simplicity, the case of no imposed magnetic field. We 
have a medium containing N electrons per cc, each of charge e and mass m, through 
which waves of angular frequency w are travelling. If, further, the collisional 
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frequency of the electrons with gas molecules is v and c is the velocity of light in 


free space, we have 
27e? Ny 


gi meu (5 =) 
where yu is the refractive index of the medium. The variation of the refractive 
index with radio wave frequency may be expressed in the form 


(5) 


we Sree” (6) 


where a, = 


When yu — 1, the variation of the absorption coefficient « with frequency is inde- 
pendent of uw and is given by «o1/(v? + w?). When, however, u — 0 the variation 
of u with frequency is dominant and x depends mainly on the variation of 1/u 
with frequency. The physical differences implicit in these characteristics justify 
the division of absorption phenomena into two classes: (a) Non-deviative absorp- 
tion which takes place at those heights for which ~ = 1, and (b) deviative 
absorption which takes place whenever yw is sufficiently small for the variation of u 
with frequency to affect « significantly. 


(a) Non-deviative absorption 

Apart from the zone near the magnetic equator, the absorption coefficient « for 
non-deviative attenuation of high radio frequencies is given with sufficient 
accuracy by the quasi-longitudinal approximation of the magneto-ionic theory. 





= =e ( Ny 7) 
me + (wo + |w,|)? ( 


where w, is the angular frequency corresponding to the longitudi1al component 
of the earth's magnetic field. The positive sign in (7) refers to the ordinary com- 
ponent of the wave and the negative to the extraordinary component. It will be 
noticed that, in (7), the introduction of a magnetic field has altered w in (7) to a 
new value (w + | Wr !) which we shall call the effective angular frequency. 

Equation (7) ceases to be valid when w = |, |, the effective angular fre- 
quency. wz, then being slightly increased relative to the quantity (w + | «,, )). 
It is, however. convenient to use (7) as an exact expression since it is seldom 
desirable to measure absorption on frequencies for which it is seriously inaccurate. 
In such cases, moreover, an effective angular frequency calculated from the 
general magneto-ionic equation may be used in place of (w + | Wr, |). (In South- 
East England m, = 8-10® radians/sec at vertical incidence and (7) is reasonably 
accurate for working frequencies, w/2z7, above 2 Mc/s.) 

We may note that the variation of x with w, is critically dependent on the 
relative magnitudes of »? and w*. As we shall see. our experimental evidence 
shows that almost all the non-deviative absorption occurs at heights for which 


v? << w,? 
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In this case equation (7) may be simplified to the form 


= ( Nv 
a 
me \(w + | wz |)? 


a formula we shall have much occasion to use later. 





(b) Deviative absorption 


When the refractive index is small compared with unity, it is convenient to 
express our basic equation for « in the absence of a magnetic field in the form 


z(-- u) (9) 


We then find that the total absorption for a trajectory is 
fr.de = 2 (PrP) (10) 
2c 


where P’ is the group path and P the phase path, and 7 is an average value of 
dependent on the variation of »y and w with height. When a magnetic field is 


d 
present, P’ is no longer given by | :, but the total absorption may still be expressed 
Lt 


with adequate accuracy in the form 
feds = 2 0 (P’ — P) (11) 
2c 


where v, is a modified collisional frequency and WM is a factor, of order unity, 
depending on the magneto-ionic component involved and a function of the actual 


and gyro frequencies. 
Thus for the ordinary wave M = 1 and for the extraordinary wave 


M = ( ‘ ). 
wo — |e, | 
Now, in practice, P’ usually varies much more rapidly with ‘frequency than 


does P so that the variation of P’ with frequency can be used to determine whether 
deviative absorption is likely to be important or not. 

While deviative absorption is usually small at vertical incidence compared with 
non-deviative absorption during daytime, except for frequencies near critical 
penetration values, it is at night the dominant source of attenuation and prevents 
the night time total absorption from falling below about 0-3 nepers. Studies of 
the non-deviative absorption at night are, therefore, most easily made using oblique 
incidence propagation for which the relative roles of the two types of absorption 
are reversed as compared with the case of vertical incidence. 


3. THE ABSORPTION OF WAVES TRAVELLING THROUGH AN 
TonizED LAYER 


In order to develop the above theoretical formulae into a form suitable for com- 
parison with experimental results it is necessary to examine the case of waves 


145 





Sir Epwarp APPLETON, F.R.S., and W. R. Piccort, B.Sc. 


travelling completely through an absorbing layer on their way to and from the 
level of reflection. When we began our work in 1935 it was not known whether 
the # or the D Layer was the main stratum responsible for the non-deviative 
absorption of waves reflected by the F Layer. It was therefore necessary to esti- 
mate theoretically the absorption of a layer at any level allowing for the fact that » 
(which, inter alia, is proportional to the atmospheric pressure) varies with height. 

We take two extreme cases of ionization distribution which might be expected 
as a result of a photo-ionization process such as has been discussed by CHAPMAN, 
assuming, in case (a), that the recombination coefficient « is independent of 
pressure; and, in case (b), that « is proportional to pressure. Case (a) gives us the 
classical Chapman distribution of NV with height. 

The total absorption for waves which have travelled through a Chapman layer, 
and have been reflected without deviative losses from a higher layer, has been 
given by APPLETON (1937) as follows— 





me | exp ) x 
=: _ 3 


mc w+ | Or | ) 


t? 
where = 72 OXP (—at) . df 


and a =—=1 “I sec x (14) 


Here NV, is the number of electrons per cc, of charge e and mass m, at the level of 
maximum electron production when 7, the solar zenith distance, is equal to zero; 
vy, is the electron collision frequency at the same level, H is the scale height of the 
atmosphere and exp. is the exponential logarithm base. Formulae (12), (13) and 
(14) enable us to predict the variation of {«ds with cos 7, or with w, both relations 
which can be examined experimentally. 

In the corresponding case where the recombination coefficient varies directly 
with pressure it is easy to show that 


\ 4ne?N H Vexp 
a = 


Y (15) 





mc (mw + | Or | ) 


an } t 
where Y = | i a . dt 
0 


1+ ¢ 


(wo + | My, |) 
and where a = ————— sec x 
2% 
We now consider special examples of the two cases, when a layer is situated at 
a level of sufficiently low pressure for y) to be small compared with (w + | w, |), 
that isa > 1. In the case where « is independent of pressure (12) becomes 
; 4re?N Hv 


ds = ———_* v2 
ages mc ste (w + | w, |)? 


cos yA 





(18) 
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while, in the case where « is proportional to pressure we have, from (15), 


ic .ds = er V4 exp 

mc (w + | o,|)? 

It will be noted that the dependence of {x . ds on cos x is different in the two cases. 

When the value of a is not subject to such restriction, recourse must be had to 

integration by quadrature of the quantity X, with results given graphically by 

APPLETON (1937). For a corresponding evaluation of Y we are indebted to 
Dr. G. F. C. SEARLE, who has pointed out to us that 


COs 
- (19) 


y= Z ~ sica)| cosa — {Ci(a)} sina (20) 


A graph relating Y to a, similar to that given in the Bakerian Lecture (1937) for 
the relation between X and a, is shown in Fig. 1; it is also due to Dr. SEARLE. 
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oo 
Fig. 1. Graphs showing, logarithmically, the values of X and Y as a function of a, as defined in 
equations (13), (14), (16) and (17). 


We may note that. in both cases, if an appreciable part of the ionization is 
found at heights for which »? = (w + | w,|)? the variation of total absorption 
with frequency will no longer be proportional to (w + | ,|)?; and, in general. 
there will also be changes in the variation of absorption with cos 7 from the 
relations (18) and (19) indicated above. The frequency-dependence criterion is 
clearly crucial and provides a firm foundation for statements concerning the 
relative magnitudes of v? and (w + | w, | )?. 


4. THE EXPERIMENTAL PROGRAMME 
The adopted method of measuring p and hence the apparent absorption | log , | 
was based on that described by APPLETON (1932), in which the amplitudes of 


multiple echoes were compared. 
As previously mentioned the work was begun by the determination of a geo- 
physical time-series of | log p| measurements at noon on 4 Mc/s. These results 
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immediately disclosed a seasonal variation, |log p| being greater in summer 
than in winter. It was, however, at once realized that there was no numerical 
agreement with either (18) or (19) so far as the variation with cos y is concerned; 
for in South-East England,* where the measurements were made, the ratio of the 
summer and winter noon values of cos gz is 6-4, and of cos y 3-4, whereas the 
experimental ratio of the summer and winter values of | log p| was 2-6. 

Further measurements of the | log p | dependence on cos x were therefore made 
using the diurnal variation of 7. Meanwhile Brest and RatcuirFE (1938) had found 
good proportionality between | log p| and cos 3y in diurnal studies of absorption 
on a group of carefully selected days. 

The other possible relationships for experimental test may again be seen 
from (7). There is the comparison of the values of | log p | for both ordinary and 
extraordinary waves of the same frequency. This had been measured by FARMER 
and RatTcuiFFE (1935) who found agreement with the theoretical ratio 


2 
. But also there is the general dependence of | log p| on angular 


frequency (w + |, |). This has been examined by WuitTE and Brown (1936) 
whose curves relating | log p| with frequency do not fall off as rapidly as the 
1/(w + | w, |)* relation would suggest. These two sets of experimental results of 
previous authors are therefore not consistent and it was considered desirable to 
examine the matter further. 

To elucidate the seasonal anomaly suspected from the earliest measurements it 
was also decided to make a series of constant-cos y measurements on two 
frequencies, one of which was always 2 Mc/s. The value chosen was cos y = 0-25 
which occurs at noon in winter but in the early morning and late evening in summer. 

Finally a study has been made of the temporary increase of | log p | during 
fade-outs caused by solar flares. 


5. SoME EXPERIMENTAL RESULTS 


(a) The geophysical time-series of noon absorption measurements on 4 Mc/s 

As has been explained above, our whole enquiry began with these measurements 
and it was due to anomalies which they disclosed that further work was under- 
taken. All the results obtained to date are exhibited in Fig. 2 which is a graph of 
the monthly means for the period 1935-1952 inclusive. The seasonal effect is at 
once apparent in that summer values are, in general, higher than winter values. 
A marked sunspot-cycle control is also evident though it may be noted that this 
control is much more evident in summer than in winter. 

To eliminate the effect of seasonal control, and so disclose the sunspot-cycle 
control more transparently, we could, of course, have used the usual device of 
plotting a curve of 12-month running means as a function of time. We have, 
however, instead used another method of eliminating the seasonal variation 
which has certain advantages when a detailed comparison with sunspot. activity 
is desired. 

We have found that for any particular month there is a linear relation between 





* The measurements were made 1935-36 in London, 1936-39 in Cambridge and 1939 to date in 
Slough. 
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| log p | and R the sunspot number. We have therefore used all the 4 Mc/s data 
for the period and found, by the method of least squares, the best straight line 
relating | log p | to R for each month. In this way we write, generally, 

| log p| =a,(1 + 6,R) (21) 
and find the twelve pairs of parameters (a,, b,; @5, b,; etc.) for the 12 months of 


























a a Lesa 
1935 -36COSTtiéB 48 wr 32 
Fig. 2. Graph illustrating the sunspot-cycle variation of noon ionospheric absorption, in nepers, 
on 4 Me/s. 





the year. These are set out in Table 1. Here it will be seen that the coefficient 
b,, varies during the course of the year and, in itself, illustrates the greater response 


of | log p | to sunspot activity in summer than in winter. The parameter a, which 
represents, theoretically, the value of | log p | for zero sunspot number, is also 
greater in summer than in winter. 


Table 1. | log p | = a(1 + bR). 


Showing parameters for relating | log p |, on 4 Mc/s, to sunspot number R, for the months 
of the year (1935-1952). The values of r give the appropriate correlation coefficients. 





Jan. | Feb. Mar.| Apr. May | June | July | Aug. | Sept. | Oct. | Nov. 
























































It is not superfluous to mention here that corresponding determinations of a,, 
and 6, in the case of the # Layer ionization (as represented by (fE)?), also for 
Slough, do not exhibit entirely similar characteristics. These values, obtained 
in the same way, are given in Table 2. Here it will be seen that the response of 
(fE)? to increase of R, as indicated by the values of 6,, is practically uniform 
throughout the year. We therefore submit that the information in Tables 1 
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and 2 alone indicates that the stratum responsible for absorption has different 


sunspot cycle characteristics from those exhibited by the EF Layer. 


Table 2. (fF)? = a(l + bR) 


Showing parameters for relating (fH)? to sunspot number RF for the months of the year (1934 1953). 
The values of r give the appropriate correlation coefficients. 





Jan. | Feb. | Mar.| Apr. | May | June | July | Aug. | Sept. | Oct. Dec. 
























































To exhibit the variation of | log p | throughout the sunspot cycle in a manner 
in which the seasonal effect is removed and which still does not eradicate the 
detailed variations, we may proceed as follows. Let us define a new quantity, 
R,. by way of the equation 





Here R, may be regarded as an effective sunspot number for ) Layer absorption. 
Taking the value of | log p | for any month, and using the appropriate monthly 
pair of parameters, a, and b,, we can find R, for that month. The values so 
obtained, together with the monthly values of sunspot number R, are exhibited 
in Fig. 3. The general over-all relationship between R and Rp, is evident, though 
it is noted that there is not a marked correlation in detail. A word may here be 
interpolated concerning the physical significance of the quantity R, . It expresses 
the increase of | log p | above the value for zero sunspot number for any given 
month automatically compensated for the varying susceptibility of | log p | to 
increase of solar activity during the different months of the year. 


(b) The variation of absorption with frequency 

The variation of absorption with frequency provides one of our main tools for 
identifying the position and characteristics of the absorbing layer. Using equations 
(18) or (19) for the ordinary wave, which is always the stronger of the two com- 
ponents and is therefore measured, we have 


(23) 


| log p | = ee See 

(f + fi)? 

where A is a constant for any set of conditions and f and f, are, respectively, w/2z7 
and w,/2z7, or 


1 l 
= —=(f + fx) (24) 


Vlloge | VA 
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In Fig. 4 is shown an experimental plot of (| log p |)~! as a function of f for noon on 
llth July, 1950. It will be seen that there is good agreement with the theoretical 
relation (23) and that the experimental value for the intercept f, is 1-2 Mc/s as 
compared with the theoretical value of 1-16 Mc/s. Now the experimental points 
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Fig. 3. Curves showing the variation of the monthly values of Rp and R for the years 1935-1952. 
Rp is the effective sunspot number for D Layer absorption on 4 Mc/s at noon: RF is the sunspot 
number. 
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Fig. 4. Plot illustrating the variation of absorption with radio wave frequency; (| log p |)~} 
is shown as a function of frequency f. 


in Fig. 4 refer to reflections from the lower level of the E Layer, from the abnormal 
E clouds which are situated round the level of maximum ionization in the normal 
E Layer and also from the F Layer; and yet the absorption in all cases. apart 
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from all frequencies near critical values, is reconcilable in terms of the absorption 
of a single layer. Thus the absorption due to ionization near the height of maximum 
density of the E Layer and between this layer and the F Layer must have been 
negligible compared with that present below the level of reflection in the E Layer. 
The accuracy with which the points fit the theoretical variation with frequency 
also shows that a negligible amount of absorption was present at heights for which 
v? is comparable with (w + | w, |)?. Thus we have two boundaries between which 
the main absorbing zone must be situated. Numerous similar experiments confirm 
these results and show that the non-deviative absorption above the lower reflecting 
edge of the F Layer (near 100 km) is seldom more than 10% of that found at lower 
heights. 

Examining the noon data in detail we find that about 80% of days on which 
accurate multifrequency measurements have been made are consistent with our 
example illustrated in Fig. 4, the remainder showing irregular variations which 
are mainly due to abnormal deviative absorption and/or scattering losses. 

When the operating frequency falls below about 0-6 of the critical frequency 
of the E Layer, the exact fraction varying somewhat throughout the year. the 
total absorption is often Jess than would be expected from that observed at higher 
frequencies, the difference usually increasing rapidly with further decrease in 
frequency. The frequency at which the discrepancy first appears is often well 
defined. (It can, for example, clearly be seen at 1-7 Mc/s on Fig. 4.) We interpret 
this result as implying that the true height of reflection is now actually falling 
rapidly and is, in fact, within the main absorbing region. Since, however, the 
apparent height seldom decreases appreciably under these circumstances, we may 
conclude that the rate of change of ionization with height has decreased by a 
considerable factor. The detailed examination of this particular phenomenon 
must await the development of a convenient technique for applying the magneto- 
ionic theory to the trajectories. 

We now turn to the discrepancy, mentioned earlier, between the results of 
previous workers on the subject of the variation of absorption with frequency. 
It may be recalled that WHITE and Brown (1936) found only a small dependence 
of absorption on frequency whereas FARMER and RATCLIFFE (1935), and now 
ourselves, have found variations agreeing with theoretical predictions for non- 
deviative absorption. Now Waite and Brown used only frequencies exceeding 
about 3 Mc/s and therefore their values of absorption refer to the frequency band 
where non-deviative absorption is small and deviative absorption comparatively 
large. It is easy to show that, under such conditions, only a minor dependence of 
absorption on frequency would be expected. In our own work we have sought to 
concentrate our measurements on non-deviative absorption and have always used 
the normal height-frequency (h’, f) curves to indicate, for avoidance, frequencies 
associated with group-retardation and thus with deviative absorption. 


(c) The relation between absorption and solar zenith distance 


A substantial part of our experimental enquiry has related to the dependence of 
| log p | on the solar zenith distance y. Guided by the formulae (18) and (19) we 
note the convenience of finding the relation between | log p | and cos x rather 
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than between | log p | and y. Also we have always used, for the lower range of 
values, the term which CHAPMAN has shown must replace cos yz in ionospheric 
layer formation theory, namely 1/Ch(R, 7), where Ch(R, x) is the appropriate 
Chapman function for the atmospheric level under consideration. As will be readily 


i ] 
seen, we can study the relation between | | nd co ( — fi 
y Ww |log p | a S x ° Chey) rom 


either diurnal or seasonal data. The diurnal data have the advantage that sunspot 
activity can be considered constant over one day. 
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Logarithmic plots of | log p | and 1/Ch(R, z) for the two fixed frequencies of 4-0 Mc/s 
(F Layer echoes) and 2-4 Mc/s (EZ Layer echoes). (November 12th, 1948.) 


| 
| 
Fig. 5. 


As has been mentioned, Best and RatciiFre (1938) found in their diurnal 
studies that | log p | varied as (cos 7)3 and so got agreement with the relation (18) 
for absorption in a simple layer for which v? <(w + |, |)®. TAYLOR (1948), 
however, using the results of several years’ measurements of the field strength of 
continuous wave signals on two frequencies, found quite different results in that 
| log p | varied as (cos 7)" where n varied from 0-7 to 1-0. We have therefore given 
some consideration to this discrepancy. 

We have found it instructive to examine the diurnal variation of absorption on 
several fixed frequencies, used in sequential order throughout the day. For 
example, if we select two frequencies which are reflected from the # Layer and 
F Layer respectively, and which are unlikely to be affected by deviative absorption, 
we find that plots of log | log p | with log (cos x) are linear and parallel, in con- 
formity with our view that the same absorbing stratum is operative in the two 
cases. This is illustrated in Fig. 5 where the two graphs refer to the frequencies of 
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4-0 Mc/s (F Layer echoes) and 2-4 Mc/s (EZ Layer echoes). 

The difference in the magnitudes of. the absorption generally can be explained 
in terms of the law relating absorption to effective frequency. The value of the 
exponent n in the expression (cos 7)” is 0-8, supporting therefore the observations 
of TaYLor (1948). 

If, however, we choose a frequency which, while reflected from the F Layer, 
is also within about 20° of the noon critical frequency of the densest layer below 
the F Layer, we have noted that higher values of n than 0-8 are obtained, the 
relation between log (| log p |) and log (cos zy) being, nevertheless, fairly linear. 
This state of affairs is illustrated in Fig. 6 which illustrates logarithmic plots of 
| log p | with cos x for the fixed frequencies of 1-6, 4-0 and 4-8 Mc/s on Dec. 17th, 
1948. It may be noted that this was a day of strong and persisting #, Layer 
reflections. 
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Fig. 6. Logarithmic plots of | log p| and 1/Ch(R, x) for the fixed frequencies of 1-6, 4:0 and 


4:8 Mc/s on December 17th, 1948. The curve for 4-0 Mc/s indicated a high value of n due to the 
effect of deviative absorption. 
































An examination of the slopes of the three graphs in Fig. 6 shows that the value 
of the exponent was 1-1, 2-0 and 1-1 for the frequencies 1-6, 4:0 and 4-8 Mc/s 
respectively. We regard the anomalous value of 2-0 for n as due to the fact that 
the frequency of 4-0 Mc/s was not far from the noon critical frequency of the 
E, Layer, in which case some deviative absorption was operative. The selection 
criteria used by Best and RATCLIFFE (1938) may well have resulted in their 
observations being influenced in this way. The difference between the values of 
n obtained by TayLor (1948) for high and low radio frequencies in certain months 
also appears to us to derive from the same phenomenon of the intrusion of deviative 
absorption. 

Summarizing the main features of several hundred day runs we can make the 
following general statements— 


(i) A change from F reflections to totally reflecting E sporadic reflection 
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does not alter the nature of the diurnal variation when conditions are such as 
to exclude the influence of deviative absorption. 

(ii) When the change from F reflections to £ reflections occurs early in the 
morning, so that the operating frequency is not for any length of time near 
the critical frequencies of the EZ or H, Layers, we get the most consistent 
agreement between the straight lines illustrating the two types of reflection. 

(iii) The values of the exponent n for curves relating to EF and F reflection 
are found to be equal within 10% provided deviative absorption is not present. 
Occasionally when there is abnormally dense ionization between the EF and F 
Layers we have found that the value of n for the F Layer echoes is up to 20% 
greater than that for the H Layer echoes. 

(iv) When constant frequency observations are made on a frequency which 
appears at some stage to be reflected within the absorption region itself, the 
diurnal variation, expressed logarithmically, may usually be represented by two 
parallel straight lines, the absorption changing abruptly from one level to 
another. Occasionally such a change is associated with a brief period of high 
absorption similar to that experienced, say, when the observing frequency lies in 
the neighbourhood of a critical penetration frequency. 


We now turn to the results of our examination of the day-to-day and seasonal 
variation of the value of the exponent n in the expression (cos y)". Taking the 
winter results first, we have divided the full range over which the absorption 
varies into 5 equal parts and calculated the mean and maximum values of n for 
each group. The result is that both mean and maximum values of n are found to 
increase uniformly with absorption magnitude, the lowest values of absorption 
being associated with values of n as low as those experienced in summer. The 
range of variation of the mean value of n is from 0-75 to 1-05, though maximum 
values as high as 1-35 are found associated with the occasions of highest absorption. 
Individual values range from 0-5 to 1-3, but values between 0-8 and 1-1 predomi- 
nate. The appropriate value of » for summer conditions is most conveniently 
determined using the results of our noon measurements and of a parallel set of 
observations made throughout the year when y = 75° (i.e. cos 7 = 0-25). For 
each day we have compared the logarithm of the ratio of the absorptions with the 
logarithm of the ratio of the appropriate Chapman functions leading to a direct 
determination of n. The distribution of n values so obtained for sunspot minimum 
conditions is illustrated in Fig. 7, where the mean value is seen to be 0-7, very 
few observations lying outside the range n = 0-4 to n = 1-0. In a period of sun- 
spot maximum the corresponding analysis gives a mean value of n = 0-75, very 
few values lying outside the range 0-6 to 0-95. The slight difference between the 
two sets of results may well be due entirely to the intrusion of deviative absorption 
effects in sunspot minimum years. We consider that there is no evidence for a 
significant change in the value of n with varying solar activity. 

We now examine the seasonal variation of absorption and its relation with y 
for constant frequency, using both our long sequence of measurements at noon 
on 4 Mc/s and the special set of observations made when x was maintained con- 
stant, i.e. at cos y = 0-25. For this purpose we have been able, since 1942. to 
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supplement our measurements on 4:0 Mc/s, described above, by measurements on 
4 or 5 other frequencies, thus eliminating effects due to deviative absorption when 
the working frequency approaches the critical frequency of either the E or F, 
Layers. Thus we can eliminate the possibility that the anomalies in the seasonal 
variation are due to deviative absorption in these layers. 

Even after only one year of observations it became quite clear that noon 
| log p | did not vary according to (cos x)3, for a constant frequency, and all our 
work since has confirmed this conclusion. The ratio of summer to winter | log p | 
has been found to vary during the sunspot cycle, but has always remained between 
2 and 3. In attempting to find how absorption is dependent on cos 7 using seasonal, 
as distinct from diurnal, data, we encounter the difficulty of the effect of month to 
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Fig. 7. Curve showing the distribution of n values appropriate to the relation 
(jlog p|)y _ (ae —)" 
(| log p|)75° = Ch(R, x) 
where 7 relates to noon on each day. The results relate to 162 days during a 
period of sunspot minimum 1943-1944. 





month changes in solar activity. It is, however, possible to eliminate the effect 
of this in two ways. One method is to average the absorption for each particular 
month over one or more complete solar cycles, the assumption being that sunspot 
activity does not depend on terrestrial season. The second method, which we 
count to be preferable, is to use data such as are given in Table | for reducing our 
monthly absorption values all to the same value of sunspot number R. Taking 
the monthly figures for the parameters a, and b, in Table 1 we have calculated 
the noon value of | log p | on 4 Me/s for the selected sunspot number of R = 100 
and R = 200. In Fig. 8 are plotted the logarithms of the values of | log p | so 
derived with the logarithms of the appropriate monthly noon values of 1/Ch(R, ,). 
The values to the left of the diagram obviously relate to the summer months; 
those on the right refer to winter. It will be noticed that the values of log (| log p |) 
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for summer and the equinoxes fit reasonably well on straight lines, but that the 
values for November to February lie well above such lines. We think this diagram 
exposes what we have called the winter anomaly in a very direct fashion. 
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Fig. 8. Logarithmic plots of | log p | and 1/Ch(R, zy) for monthly noon values of absorption, 


corrected to refer to constant sunspot numbers of R = 100 and R = 200. The upper curve refers 
to the higher sunspot activity. 





The same point can however be illustrated, possibly even more effectively, 
using our measurements of absorption made under constant-y conditions. These 
results are shown for the years 1942-49 in Fig. 9. 

Here it will be seen that, over the summer months, | log p | is fairly constant 
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Fig. 9. Showing the variation of absorption for conditions of constant solar zenith distance 
(cos y = 0-25) at Slough. The values of A are the measured values in decibels reduced to an 
equivalent frequency of 1 Mc/s, using equation (25). 


for the constant value of y, but that, during winter, notably higher values are 
obtained. It is clear, from an examination of the run of sunspot numbers over the 
period, that the higher winter values are not to be ascribed to enhanced sunspot 


157 





Sir Epwarp AppLeTton, F.R.S., and W. R. Piceort, B.Sc. 


activity during those particular periods; and we must conclude that the pheno- 
menon arises from a real physical difference between the operation of the absorbing 
layer in winter and in summer. 
A further word is necessary on the day-to-day variability of these measurements. 
In summer we find that such variability can be ascribed to— 
(i) the sampling error in the actual experiments; 
and (ii) changes in sunspot-activity, e.g. 27-day recurrence tendencies. 


For example if we examine the day-to-day fluctuations relative to a 9-day running 
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Fig. 10. Showing the variation of noon absorption on 2 Me/s relative to 9-day running means. 
The two curves relate to summer and winter days during a period of sunspot minimum, 1942-1945. 
mean, thus eliminating the influence of (ii), the standard deviation found does not 

differ substantially from that found from a study of the statistics of fading. 

In winter, however, the variability of | log p | is greater than in summer, 
although considerable conservation is to be noted in the data, days of high absorp- 
tion tending to occur in groups. Such winter variability, as has been shown by 
DIEMINGER (1952), is not to be ascribed to solar activity and appears inherent in 
the absorbing mechanism itself. To illustrate the difference in the variability of 
absorption in summer and winter we show, in Fig. 10, the variation of the ab- 
sorption measured at noon on 2 Mc/s relative to 9-day running means for both 
summer and winter. The standard deviation is seen to be, in winter, about twice 
the summer value. If, on the other hand, we consider the daily deviations from 
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monthly means the difference between winter and summer variability is even 
greater. Our investigations in the latter connection lead us to conclude that the 
high average value of absorption in winter is largely due to the occurrence of rather 
variable, excessive absorption on certain groups of days. 


(d) Further studies of the diurnal variation of absorption 


We now examine the changes of absorption during the day in more detail con- 
sidering, in particular, the effect of the finite rates of electron production and 
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disappearance. It is convenient to minimize the effects of deviative losses by 
representing the absorption by the non-deviative absorption index A, deduced 
from the equation 


8-7 | log p | = ae , (25) 
(f + fr) 

using measurements on a number of frequencies. A is expressed in decibels, while 
f and f, are expressed, numerically, in Mc/s. 

In Figs. 11 and 12 we exhibit the results of all diurnal measurements of this 
kind made between 1945 and 1948. In Fig. 11 are shown the diurnal variations 
for each month separately, while in Fig. 12 the contours of constant absorption 
for the year as a whole are shown for the daylight period. It will be noticed in 
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both curves that the maximum absorption, as expressed by A, occurs definitely 
after local noon, the average delay being about 20 minutes. Now it has been shown 
(APPLETON, 1953) that the ionization maximum in any layer lags behind the 
maximum of electron production, which latter is determined by cos x, by a time of 


1 : ieee ; a 
approximately 5—_ seconds, where « is the recombination coefficient and NV is the 
201 


ionization density at noon. We find in this way a value of «N for the absorbing 
layer of (3-6 + 1-6). 10-4 sec}. 

Similar information may be obtained in another way. Following the method 
given by APPLETON (1937), let us consider two times, before and after noon, at 
which the value of cos 7 is the same. We then have for the two cases 


or (28) 


Now since N, and N, are not very different, the diurnal curve being fairly sym- 
dN. dN 

—— ee 

dt dt 

signs are different, we have 


metrical, and since are numerically about the same, though their 


a dt 
~ N.AN 


dN | 


od 


where AN = (N, — N,). From (29) we therefore have 


dN 
dt 


ay ” 


aN = 
Now absorption, other things being equal, is proportional to N and we have, 
therefore, 


d 
7 (| log P|) 


~ A(]log p]) 


Applying equation (31) to our results we find that the median value of N for the 
five hours centred on noon is 3-7.10~4 sec~!, the median for all hours of the day 
being 4-1.10-4 sec-!. We should expect residual deviative losses to become more 
important towards sunrise and this may well explain the apparent increase of «NV 
towards these times. By carefully selecting a day on which such losses are negli- 
gible we have found that the diurnal variation of «N is very roughly proportional 


aN (31) 
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to N for most of the day. However it is clear that the value of «N for the absorbing 
stratum is of the order 4.10~4 sec-!, and this is entirely different from the value of 
aN, calculated by similar methods for the case of the FZ Layer, which is 12.104 sec“. 

We now turn to the variation of non-deviative absorption with time after 
sunset. The residual absorption at vertical incidence is very small after sunset 
and is difficult to estimate accurately owing to the influence of deviative losses. 
At oblique incidence, however, the non-deviative absorption is increased by the 
secant of the angle of incidence at the absorbing layer and thus comes into greater 
prominence. Thus we can investigate the law of variation of non-deviative ab- 
sorption with time by using the results of oblique incidence measurements, using 
preferably a comparatively low frequency so as to bring into emphasis the non- 
deviative losses. The results of a typical experiment of this type are shown in 
Fig. 13 in which we plot 1/| log p | as a function of time for night-time propagation 
of 1:0 Mc/s over a 700 km path from Burghead to Slough. We conclude from the 
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Fig. 13. Showing a plot of the reciprocal of | log p | on 1-0 Mc/s with time for oblique-incidence 
transmission over a 700 km path during evening conditions, 28th April, 1943. 

















linear relationship obtained that the observed variation of absorption in the late 
evening is consistent with the recombination hypothesis. From the curve we find 
that «N about 2030 h. is 0-6.10-4 sec“! and that this falls to 0-24.10-4 sec“! by 
2245 h. Such values are reasonably consistent with the noon values, assuming 
that « is approximately the same at both periods. 


(e) Absorption variations during sudden ionospheric disturbances 


We have made observations of the variation of total absorption during a number of 
fadeouts. Such observations are less difficult than might have been expected 
since the fading fluctuations are usually abnormally small during the periods 
when the absorption is changing rapidly. We find that large fadeouts, occurring in 
the middle of the day and lasting for half an hour or more, are usually remarkably 
similar, the total absorption increasing by a factor of between 5 and 10 and the 
rate of disappearance of the excess absorption being consistent with a recombina- 
tion law. Measurements of the variation of absorption with frequency, which are 
admittedly very rough, are consistent with those found for normal absorption, the 


value of | log p | being proportional to (w + | w, |)-*. 
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We first consider the rate of decay of the excess ionization during a fade-out. 
Let N, be the excess ionization density and N, the undisturbed value maintained 
by the normal solar radiation. We then have as our continuity equation 


dN 
qr =4 7 aN? (32) 


where N is equal to (N, + N,). Substituting for NV we therefore find 


dN, aN, ‘ i 
= a ee aN? — aN ,?— 2aNN, 


In the undisturbed condition we have, however, 


N, 
Fe i asf 

and thus if V, > Ny, we have 
dN, 


dt 


Turning now to the effect of the excess ionization in producing excess absorption 
A | log p | we can write, since A | log p | is proportional to N,. 


Ct (36) 
| | = @ be 
A |logp| A | log pg | 
where C is a constant involving the electron collisional frequency and A | log py | 
is the excess absorption at time t = 0. As will be seen from (33) above, a more 
complicated expression is necessary when A | log p | falls to a value comparable 


72 
= —aN, 





with time f¢, as in Fig. 14, we note 


1 
A | log p | 
an excellent agreement with the approximate equation (36). This being so we 
are encouraged to find the variation of «N, with time, since from (35) we have 


dN, d(A | log p|) 
dt dé 


with the normal absorption. Plotting 





= aN = = 
. N 


Zz 


A | log p | 


Some typical values are summarized in the subjoined table. 





t (secs.) 120 270 500 





A | log p | nepers 8-5 6-0 4:3 3-2 











aN,(sec-!) 24.10-4 22.10-4 11.10-4 8.10-4 

















We note that the values of «N, are proportional to A | log p | and hence to N 
and that the maximum value of «WN, is 6-5 times that given above for the normal 


layer, the corresponding ratio of absorption being 6-7. 
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We have also found that we can test the variation of absorption with frequency 
during a sudden ionospheric disturbance by using results obtained with (h’, f) 
recorders. This avoids the difficulty of eliminating fading errors on several 
frequencies in the very short times before the absorption changes significantly. 
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Fig. 14. Illustrating fall of excess absorption with time during a sudden ionospheric disturbance, 
(A | log p |)~} being plotted with ¢. 


























We assume, as is usually true, that the sensitivity of the recorder varies slowly 
with frequency and that the lowest frequency on which echoes are observed, finin; 
is determined by the absorption present. If the absorption varies with the inverse 
square of the effective frequency, (f + f,)?, and we put f = f,,, the absorption 
variation with time is proportional to (fi, + f,)?. Hence plotting (f,,,,. + f,)~? 
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Fig. 15. Illustrating the fall of absorption with time during a major sudden ionospheric disturbance, 
(fmin + | fz |)~? being plotted with time ¢. 


against time we might expect to obtain a straight line representing the recombi- 
nation of the 8.I.D. ionization. 

We have applied this method to the exceptionally great fadeout of July 31st, 
1937, described by BERKNER and WELLS (1937); and in Fig. 15 is shown a plot 
of (fmin + fz)~? with time t. It will be seen that the relationship is sensibly linear, 
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as suggested above. Moreover, comparing the fade-out values of f,,,, with the 
normal values it is possible to show that the maximum additional absorption 
probably exceeded 12 times the normal value. Using this figure we can make a 
rough estimate of the value of «N, for the period when echoes were first again 
observed after the onset of the fadeout and find that it lies between 10.10-4 and 
30.10-4 sec-!. This is not inconsistent with our own values obtained by direct 
measurement or with similar estimates made by ELLISON (1953). 

Additional evidence relating to the amount of excess absorption during a 
fade-out can also be derived from observations of the diminution of galactic noise. 
We use in this connection the observations of HEy, Parsons and PHILLIPS (1947). 
On August Ist, 1947, for example, these observers found that a solar flare, seen 
shortly after 1500 h., caused the amplitude of the galactic noise to drop to 0-67 of 
its previous value. This extra attenuation corresponded to a value, for | log p |, 
of 0-4 neper on the frequency of 25 Mc/s which was used at the time. We can show, 
using the frequency relation (23), that such an attenuation would correspond to 
an absorption of 10 nepers on a frequency of 4 Mc/s and of 27 nepers on 2 Mc/s, 
values about six times normal. 


(f) Further investigations of the winter anomaly 

We now turn to a consideration of further results which bear on the nature of the 
winter anomaly in absorption, since this anomaly has been evident in every year 
since we started the absorption investigations in 1935. We may first note that 
days of anomalous absorption occur mainly in the months of November to Febru- 


ary inclusive; and, as mentioned above, such days are not to be associated with 
individual events in the variation of solar activity. DIEMINGER (1952) has, however, 
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Showing the association of high absorption and the occurrence of echoes from low heights. 
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pointed out that days of high absorption are often associated with weak reflections 
from low heights of the order of 75 to 95km. We have also noticed the same 
phenomenon and have attempted to study the general incidence of such echoes 
from low heights throughout the year. Very often, when atmospheric noise and 
artificial interference are unusually weak, we have been able to detect weak 
reflections from low heights in any month of the year, the average rate of daily 
occurrence being 0-5 per month in summer. In the four winter months, however, 
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this rate of occurrence is greatly exceeded; and we have found that the occur- 
rence of these echoes and the occurrence of high absorption are closely associated. 
This correlation may be demonstrated in the two following ways. In Fig. 16 are 
shown plots of the monthly values of the daily rate of the occurrence of low 
echoes and of the monthly values of the daily rate of the occurrence of high 
absorption. It will be seen that the two curves, which relate to seven years of 
observations, are very similar, the two sets of abnormal events occurring in the 
same months. The same relationship may be tested further by a consideration of 
events on individual days. In Table 3 are given the results of an investigation of 
the occurrence, or absence, of the association on 682 winter days. Comparing 
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Fig. 16. Showing monthly numbers of the occurrence of days of high absorption and of days when 
echoes from low heights were experienced over the years 1943-1951. (Note that the numbers of 
the occurrences of days of high absorption with low echoes have been multiplied by 2.) 
























































the observed and random numbers of occurrences, we find that days when both 
high absorption and echoes from low heights occurred are four times as frequent 
as would be expected by chance. 

We have also sought to find if days of high absorption and periods of magnetic 
activity are connected, but have found no correlation. However we have noticed 
that sequences of days of high absorption often cease with the onset of a magnetic 
storm. Selecting the five magnetically quiet days for the winter months we find 
that these are associated with high absorption 1-2 times as frequently as would 
be expected by chance. Neither of these observations is really very significant 
but perhaps together they suggest that there is a tendency for high absorption to 
occur under conditions of magnetic calm. 
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A more detailed examination of the variation of absorption with frequency. 
and with solar zenith distance, on days of high absorption, shows that, on many 
such days, quite normal relationships exist between | log p | and f, and between 
| log p | and cos x, apart, of course, from the high general level of the absorption. 
On other days, however, we have noted the frequent occurrence of a sudden break 
in the (|log p|)~+#/f curves at a frequency lying between 2-0 and 2-4 Me/s. A corre- 


1 
sponding effect can also be noted in the plots of log (| log p|) with log (aaah 


In both cases we interpret the results as showing that the range of frequencies 
below 2-0 to 2-4 Mc/s, have been subjected to a weaker absorption mechanism 
than have the higher frequencies. Since such effects are to be noted particularly 
on the days of the occurrence of low echoes, we are inclined to consider this low 
relative absorption on the low frequencies as being due to the fact that they are 
reflected at a level within the D Layer itself. In such an event their attenuation 
would be less than that of the higher frequencies, which have to traverse the whole 
of the D Layer before they experience reflection at the E Layer. 


6. DISCUSSION OF THE EXPERIMENTAL RESULTS 


As will have been seen, the foregoing sections have dealt with the results of our 
experimental study of the dependence of absorption on the three variables, radio 
wave frequency f, solar zenith distance 7 and sunspot number R. We now examine 
the bearing of these results (which are, in fact, only typical of a much greater 
body of experimental data) on more general geophysical matters, taking first the 
question of the physical location of the absorbing stratum in the atmosphere. 
There are, in this case, three lines of evidence which lead us to locate it below the 
normal E Layer of the ionosphere. First the diurnal. variation of absorption for 
two different frequencies (Fig. 5) one of which is reflected by the EF Layer and the 
other for the F Layer, give substantially the same exponent n in the expression 
(cos x)". Second, if a diurnal study is made of absorption on a frequency which 
becomes equal to the critical value for the H Layer during the course of the day. 
the logarithmic plot of | log p | with cos x can be represented by the same straight 
line, apart, of course, from the period where the operating frequency is in the 
neighbourhood of fH. Moreover, the same result is obtained if an F Layer echo 
is temporarily replaced by an echo from a totally reflecting sporadic EF stratum. 
Thirdly, the variation of absorption with frequency illustrated in Fig. 4 can only 
be explained on the assumption that the frequencies reflected from all levels are 
absorbed by the same magneto-ionic medium. All three lines of evidence thus 
point to the identification of the absorbing layer with what is generally known as 
the D Region. 

On the question of actual heights in the atmosphere, we can say at once that 
the lower boundary of the absorbing stratum cannot be situated lower than the 
height of reflection of very long waves. We thus have a lower limit of about 70 km 
by day, and about 90 km by night. However the observed relationship between 
|log p | and f for frequencies exceeding about 2 Mc/s indicates conclusively that 
the main ionization in the D Layer must be situated at a level for which 
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v<(w + | Wr, [)?, which indicates that » must be less than 2-10’ per sec. Now 
Briaas (1951) has shown, from sporadic EF Layer studies, that v is 1-6.104 per sec. 
at 117 km, which would suggest that the absorbing ionization round noon must 
lie above 75 km. SHAw (1951) from a study of ionospheric cross-modulation, has 
found that » has the much higher value of 1-8.10® per sec. at a level of 90 km. 
Using his value we can show that most of the absorbing ionization would lie 
above 80 km. 

It is next necessary to enquire whether the absorbing stratum is merely the 
lower part of the H Layer or whether it has an independent existence. In this 
connection we may first note the marked variability of absorption in winter as 
compared with summer, which is not paralleled in the case of # Layer ionization. 
We can, therefore, at least say that the H Layer is not the effective absorbing 
mechanism in winter. Considering the relation between | log p | and (f£)? in more 
detail, we note, first, that the change of | log p | with cos x, during, say, the course 
of a single day, is due in part to change in ionization and in part to changes in 
electron collision frequency, the layer being situated at a lower level when cos 7 
increases. Now from Table 2 we can show that (fH)? is proportional to (cos ;)" 
where n is approximately 0-5, for R = 100; whereas from Table 1 we find, for 
the same sunspot number, that | log p | is proportional to (cos 7)" where n is 0-75. 
The former value of n agrees with the theoretical value for a simple layer with a 
constant recombination coefficient. The latter result could only be reconciled 
with the former if »? is comparable with (w + | w, |)?, which we know not to be 
the case. It does not therefore seem possible to ascribe the absorption to a layer 
in which the recombination coefficient is independent of the height. 

A consideration of events in the course of a solar cycle also indicates a difference 
in the behaviour of the absorbing layer and the # Layer. From Table 2 we note 
that the mean value of b, for H Layer ionization, as represented by (fE)?, is 0-004. 
whereas, from Table 1, we see that the corresponding value for | log p | is 0-0096. 
a value more than twice as great. Finally, comparing the values of «NV for the 
absorbing layer and for the # Layer near noon we have— 


,. Se —4 —1. ce” Ge af 
apN py = 3-7.10-* sec"; Ope» = 12.10-4 sec. 


Representing NV, by (fF)? and NV, by (fD)*?, where fD represents the hypothetical 
critical frequency of the absorbing stratum for the level where Nv is a maximum. 


we have 
SD ns O18 Las (38) 
Co fD 

Now in summer, during the period of maximum solar activity, our (’, f) measure- 
ments indicate that fH is of the order of 4 Mc/s while fD certainly cannot greatly 
exceed 1-0 Mc/s, the lowest heights of reflection observed in routine recording 
being about 100 km at frequencies of the order of 1-4 Mc/s, thus «p/«, must 
certainly be greater than 2-4 and may well be greater than 5. We conclude, then, 
that the rate of recombination in the absorbing stratum is definitely different 
from that in the maximum of the # Layer. 

We now consider the bearing of our results on the characteristics of the D 


167 





Sir Epwarp APPLETON, F.R.S., and W. R. Pieeort, B.Sc. 


Layer, recognized now as a separate entity. The relatively regular control of 
absorption by the sun’s zenith distance in both summer and winter would suggest 
that the ionization is produced by solar photons. This conclusion is confirmed 
by measurements of the ionospheric reflection coefficient during eclipses, when a 
return towards night-time conditions is obtained during the period when the 
sun’s disc is obscured (APPLETON, 1927; SmiTH-RosE, 1946; PieaorrT, 1953b). 

An important matter here is the identification of the process by which the 
electrons disappear in the absorbing layer. Here we are assisted both by the studies 
of the variation of | log p | with cos y and by the measurements of | log p | during 
fade-outs. It is found that both diurnal measurements and also the seasonal 
measurements over the greater part of the year, yield a value of about 0-75 for 
the exponent n in the expression (cos x)". The fact that this quantity is less than 
unity is significant for the following reasons. During, say, a diurnal variation of 
cos ¥, the absorption varies because both N and y vary. In the case of the standard 
Chapman model investigated in Section (3) above, N varies as (cos x)! while » 
varies as cos y. This explains the origin of the value of 1-5 for n in the expression 
(cos 7)". In the case of the second model dealt with in Section (3) in which « 
varies as the pressure, we can regard the value of 1-0 for n as being wholly due 
to the variation of », for in such a layer N itself would not vary with cos 7. Such 
considerations show us at once that an attachment law of electron disappearance, 
for which N would vary as cos y must correspondingly yield a value of 2-0 for n. 
Clearly such a state of affairs would be impossible to reconcile with the observed 
value, and rules out at once such a law of electron decay. Further evidence pointing 
the same way is obtained in S.I.D. studies (Section 5 (e)) where a recombination 
law has been found to hold. 

The problem of explaining why 7 is less than unity remains. We could, of 
course, assume that N itself varies as (cos y)* as is required in a Chapman layer, 
which would require that » should vary as (cos y)°*°, to give (Nv) varying as 
(cos y)°*. Such a small variation of v is, however, hardly likely. If, however, the 
atmospheric temperature increased with height, as is most probable at the levels 
in question, the variation in v would be less than that required by a direct pro- 
portionality with cos y. We must, however, remember tlrat the value of « in the 
D Layer has been shown to be greater than its value in the E Layer, which indi- 
cates some falling off of its value with height in the levels we are considering. 
This suggests that possibly it might be most appropriate to write « = a) + a,e-* 
in which case we must also assume that y itself varies as (cos 7)* where a is sub- 
stantially less than unity. The positive gradient of atmospheric temperature 
suggested above is therefore also required to fit the experimental results obtained. 
Nicouet (1951) has published an interesting evaluation of the influence of vertical 
temperature gradients in the atmosphere on the ionization density and. absorption 
of a layer which leads to essentially the same conclusion. 

Detailed calculations, too elaborate to set out here, do in fact show that it is 
possible to obtain the observed values of n and aN with plausible assumptions of 
the variation of v with the scale height of the atmosphere. 

As to the actual magnitude of « at the level of maximum N71, it is only possible 
to make the most approximate assignment. It is true that (2), has been shown 
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to be 4.10-4 sec~!, but we can only roughly estimate NV, as being of the order of 
103 to 104 electrons per cc in summer in sunspot maximum years. If this were 
the case the corresponding value of «, would lie between 4.10-’ and 4.10~8/cc/sec 
which may be compared with a current estimate of 1-0.10~8/cc/sec for «,, recently 
given by PiacotrT (1953b). 

We now turn to a consideration of the anomalous behaviour of ionospheric 
absorption in winter. Actually this anomaly may be characterized in two ways. 
First we have noted that enhanced general absorption (as expressed, say, by A 
values) is found in winter on a relatively high proportion of days; while, second, it 
is found that, in winter. the value of the exponent n in the expression (cos x)" is 
higher than during the rest of the year. Now it is a remarkable fact that if we select, 
for each of the winter months which exhibit the anomaly, the 20% least absorbed 
days instead -of all days, the two anomalies mentioned above largely disappear. 
This suggests that for some winter days the same absorption mechanism is 
operative as in summer; and that the high absorption experienced on the other 
winter days is due to some factor which always increases the basic absorption 
already there. To account for this additional absorption in winter there would 
appear to be only two possibilities—either an additional ionizing source is present 
or some agency is operative which causes a redistribution of ionization within 
the levels of »y which brings about an increased integrated value of Ny within the 
absorbing stratum. 

Since the days of high absorption in winter still exhibit a normal type of diurnal 
variation as exhibited in log (| log p |)/log (cos x) curves, we consider it unlikely 
that the excess absorption is caused by particle radiation, though we do not yet 
feel that such a possibility can be entirely ruled out. A vomparison of the Slough 
absorption measurements with similar observations made at Singapore and in 
the Falkland Islands shows that, as perhaps might have been expected, no anomalous 
behaviour is to be noted at any time of the year at Singapore, while, at the Falk- 
land Isles, the high absorption anomaly is to be found during the local winter 
months of May to August. The phenomenon is evidently connected with con- 
ditions of low cos x and definitely not to changes in the intensity of solar radiation. 
It does not, however, appear profitable to pursue this discussion further until a 
more general picture of the world morphology of the phenomenon is available. 

Finally we consider the light which our absorption measurements throw on 
two important matters of geophysical interest, namely the location of the atmo- 
spheric strata (i) in which the S, magnetic currents flow and (ii) in which the 
abnormal ionization is produced by solar flares. We start by recalling that 
McNisu (1939) has demonstrated that, during a typical fade-out associated with 
a solar flare, the quiet-day solar diurnal variation of the geomagnetic field, S,, 
increases by as much as 60%; and this result has been interpreted by him and 
others as indicating that the S, currents must flow in the D Layer. Martyn 
(1947) in particular has sought to develop a comprehensive theory of both solar 
and lunar magnetic diurnal variations and their dependence on solar activity, 
based on the assumption that the major current contributions to these effects 
came from the D Layer, the # Layer playing only a minor role in the same con- 
nection. It should, however, be pointed out that because S, is augmented during 
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a fade-out it does not necessarily follow that the S, current layer and the temporary 
fade-out layer are identical. All that McNisu’s result really demonstrates is that 
the temporary currents in the fade-out layer are in the same phase as those which 
operate normally in the S, current layer. 

Our own absorption measurements during fade-out periods are material in 
the above connection, since we have found that the extra absorption experienced 
during such periods—which must be electronic in origin—can be as much as 5 to 
10 times the normal value (APPLETON and Piaecorr (1949)). It is natural to assume, 
as a first hypothesis, that this means that the electron density of the normal 
absorbing layer has been increased by the same factor. But if the S, current layer 
is also to be associated with the absorbing D Layer, as suggested by McNIsu and 
others, we are led to a quite different conclusion, namely, that the ionization is 
increased only by 60°, during a fade-out. This is a difficulty we have previously 
mentioned (1949). 

Let us deal with the problem in its most general terms. We are evidently 
concerned with three strata of geophysical interest (a) the S, current layer. (b) the 
normal absorbing layer and (c) the abnormal (fade-out) absorbing layer. Now 
it is possible to prove, in the following way. that (a), (b) and (c) cannot all be the 
same stratum. During the sunspot cycle, from sunspot minimum to sunspot 
maximum, S, is increased by 60° while during a fade-out it is increased by about 
the same amount. On the other hand. | log p | increases correspondingly in the 
course of the sunspot cycle by a factor of 2 to 3: whereas, when a fade-out occurs, 
it is increased by a factor of 5 to 10. This argument we believe completely proves 
that (a), (b) and (c) cannot all be the same layer. 

Now our absorption studies liave led us to conclude that the ratio of the values 
of xN during the fade-out and under normal conditions is approximately equal to 
the ratio of the corresponding absorptions. This is only likely to be the case if a 
substantial part of the additional ionization caused by the solar flare is situated 
at the level of the normal absorbing layer. This would suggest that (b) and (ce) 
are identical. In addition, the different factors whereby the magnitudes of | log p | 
and of S, vary during a solar cycle indicate that the S, currents cannot flow in the 
normal absorbing layer—that is, the locations of (a) and (b) are not identical. 
Summarizing the results of the above considerations, we can therefore say that 
(a). (b) and (ce) cannot be the same; that (a) cannot be (b); that (a) cannot be (c), 
though we think it highly probable that (b) and (c) are identical. 

The above conclusions concerning the separate identity of the S, current layer 
and the fade-out layer may be supported in another way. In the observations 
published by McNisu for the three fadeouts of 8th April, 25th August and 6th 
November, 1936, it is possible to compare the dependence, on cos x, of (i) S, 
and (ii) the augmentation of S, associated with the fade-out. Now S, for the 
magnetic stations cited is proportional to (cos 7)” where n lies between 0-5 and 1-5. 
On the other hand, for the additional magnetic forces during fade-outs, we find a 
variation proportional to (cos 7)" where n lies here between 1-0 and 2-5. These two 
results, we believe, are sufficiently different for us to conclude that the fade-out 
currents and the solar diurnal currents do not’ flow at the same levels in .the 
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It is, however. possible to proceed much further by accepting our evidence that 
both the fade-out layer and the normal absorbing layer are located at about the 
same level. namely that of the D Layer. As stated above, increasing the con- 
ductivity of the D Layer nine times produces a magnetic contribution of only 
60% of that produced by the S, Layer. We may therefore conclude that, under 
normal quiet conditions, the D Layer contributes to the magnetic variations only 
about 7% of the contribution of the S, Layer itself. If we made the further 
assumption that the atmospheric tidal motions at the level of the D Layer are 
equal in magnitude to those at the S, Layer level, we arrive at the result that the 
total direct-current conductivity of the D Layer must be only 7% of that of the 
S, Layer. However, it is probable that atmospheric tidal motions are reduced 
with decreasing height, so this figure cannot be relied on. We do, however, believe 
that the above argument shows that the D Layer does not contribute substantially 
to the diurnal magnetic variations as has previously been supposed. This is in 
agreement with the views of CowLine and BorGER (1948) who have shown that 
any stratum situated below the # Layer must have insufficient conductivity to 
be the seat of the currents which cause the solar diurnal magnetic variation. It 
is interesting to note that the most recent theoretical work on this subject (HrRoNO, 
1950, 1951; and BakeR and Martyn, 1953), in which completely revised estimates 
have been made of upper-atmospheric conductivity, leads to the conclusion that 
the S, current flows at E Layer levels. 
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ABSTRACT 
The paper is concerned with the fading of a single radio pulse reflected at vertical incidence from the 
ionosphere to three receivers on the ground. Records of this fading, made when the three receivers are at the 
corners of a right-angled triangle, and distant about one wavelength from each other, have often been used 
in the measurement of ionospheric “‘winds.”’ It is shown that a‘**wind” constant both in direction and mag- 
nitude could produce a markedly variable record. Two actual records, each lasting one hour, are analysed. 
One is shown to correspond to an occasion when the ‘‘wind”’ was constant. The other record can not be 
explained on such a simple assumption. The need for a more detailed method of analysis is stressed. 


1. INTRODUCTION 


In one method for investigating movements in the ionosphere records are made, 
at three nearby points, of the variations in the amplitude of a reflected radio wave 
from a pulsed sender (MiTRA, 1949; PHILLIPS, 1952), or of the transmitted wave 
from a radio star (HEwiIsH, 1952; Maxwe.t and Litt.e, 1952). If the receiving 
points are close enough the records are similar in general form, but the maxima 
and minima occur at slightly different times on the different records. It frequently 
happens that the mean of the time differences is significantly different from zero, 
so that, on the whole, one record is displaced in time relative to another. By 
considering these mean time-delays for three recording points situated at the 
corners of a right-angled triangle it has been possible to draw interesting con- 
clusions about the mean velocity of the amplitude-pattern over the ground and, 
by implication, about the mean velocity of the irregularities of electron-density in 
the ionosphere (PHILLIPS, 1952; SALZBERG and GREENSTONE, 1951; CHAPMAN, 
1953; MILLMAN, 1952; Briaas and SpeNcER, 1954). It is often said, with proper 
reservations, that these measurements give information about the “winds” in the 
ionosphere, and for the sake of having a convenient nomenclature we shall call 
them winds here. 

All those who have used this method of investigation have noticed that the 
time-delays between any two records are very variable and many have wondered 
whether this implies a corresponding variability in the magnitude or direction of 
the ionospheric wind. Numerous questions have then arisen. If the wind varies 
rapidly over a wide range can the mean wind have any physical significance? Can 
the magnitude of the variable component be deduced from the records so that 
theories, for example of ionospheric turbulence, can be tested? Or is there perhaps 
some fundamental error in the method, so that the irregularity arises from some 
unexplained diffraction effect as the radio wave travels down from the ionosphere? 

It is the purpose of this paper to point out that a considerable variability of the 
time-delays between pairs of records is just what would be expected even if the 
wind were constant. It is further suggested that the “‘variable”’ part of the 
information which is discarded when a mean is taken might be used to give 
information about any rapid variations which might occur in the wind vector. 
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A variable record lasting one hour is analysed and is shown to behave as if the 
ionospheric wind were constant for that time. A second record is analysed and is 
shown not to fit the simple explanation, and it is suggested that, when a fuller 
analysis is available, it may be possible to determine the variability of the wind 
on this occasion. 

In a companion paper Dr. GorDOoN NEwSTEAD has carried the present analysis 
considerably further and has laid the foundation for the more detailed analysis 
required. 

2. THe NATURE OF THE RECORDS 


The nature of the records, and the methods of obtaining them, are fully described 
in the literature. Here it is sufficient to explain one type of record, introduced by 
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Fig. 1. Record of the ‘‘Phillips’’ type made in Cambridge between 1710 and 1810 GMT on June 
13 1951. The frequency was 2 Mc/sec. For description see text. 


PHILuIPs, which we shall call a “Phillips record.”” An example, made in Cambridge 
between 1710 and 1810 local time (GMT) on June 13 1951 is shown in Fig. 1. It 
represents the results of an experiment in which the pulses emitted on a radio 
frequency of 2 Mc/s were received, after reflection from the # layer at three points 
situated as shown at O, A and B in Fig. 2. The e.m.f.s received at points O and A 
were applied to a special apparatus so constructed that, every time the received 
wave passed through a maximum of intensity at both the points, a line was drawn 
on the record, of length proportional to the time interval 7, between the occurrence 
of the maximum at O and that at A. The line was drawn upwards if the maximum 
at O preceded that at A and downwards if the order was reversed. This record is 
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shown at X in Fig. 1. A similar record relating to the receiving points O and B 
is shown at Y. 

It is at once obvious that there is considerable variability in these records. 
It will now be shown that this variability is to be expected and that it does not 
necessarily indicate a variable wind. 














Fig. 2. Schematic diagram of Fig. 3. PQR represents a “line of maximum 
three receiving points. amplitude” when the signal contours shown 
move in the direction AA’. SQT is the corres- 

ponding line formovement in thedirection BB’. 


3. A SrtmMPpLE REASON FOR CONSIDERABLE VARIABILITY 
IN THE RECORDS 


(a) The ‘lines of maximum amplitude”’ 


The wave reflected from an irregular ionosphere produces, over the ground, an 
irregular distribution of amplitude, which can be represented, at one instant. 
by contours of constant amplitude as in Fig. 3. Consider what would be 
observed if this amplitude distribution moved, without change of form, parallel to 
a line AA’. Let lines be drawn parallel to AA’ so as to touch successive contour 
lines at PQR. Then maxima of amplitude are observed simultaneously at all 
points on this line as the amplitude distribution moves past. We will call a line 
constructed in this way a “line of maximum amplitude.”’ Near any one part of 
the pattern the “lines of maximum amplitude” are approximately straight lines, 
but at different parts of the pattern these lines have different orientations. 

It should be noticed that the positions of the “lines of maximum amplitude”’ 
depend jointly on the nature of the amplitude pattern and the direction of move- 
ment. A movement in the direction BB’ for example would give rise to a “‘line of 
maximum amplitude” SQT’. 


(b) The Phillips record for a simple case 
Let O, A, and B (Fig. 2.) represent three observing points at the corners of a right- 
angled triangle and let OA = OB =a. Let us investigate the nature of the 
Phillips record for the simple case where the amplitude pattern moves with velocity 
V in the direction OX without change of form. Suppose POR is a “‘line of maximum 
amplitude,’’ then the corresponding maximum is observed in succession as it is 
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swept past the points B, O, and A and the time intervals between the observations 
at Band O (T,) and those at O and A (T,,) are given by 


t y 
colt yw 
V 


In different parts of the amplitude pattern the “‘lines of maximum amplitude” 
have different orientations y, so that the times 7’, have different values, they may 
be either positive or negative, according as y < 7/2 or y > 7/2. In the simple case 
here considered 7’, is always the same. 

If the magnitudes and signs of 7’, and 7’, were plotted ona Phillips plot it would 
look like that of Fig. 4. At first glance a record of this type might be taken to 











Fig. 4. The form of the ‘Phillips’ type of 
record for the situation depicted in Fig. 2. Fig. 5. To illustrate the general case. 


indicate that the pattern moved with a velocity which had a constant X-component. 
but that the Y-component was varying markedly, so that the direction of the 
velocity was varying violently. The derivation given above shows, however. that 
this conclusion does not necessarily follow, and, indeed, a record like that of Fig. 4 
could equally well correspond to a constant velocity in the X-direction. and all the 
variability in the values of 7’, might be produced by the fact that the amplitude 
pattern had different shapes at different places. 


(c) The Phillips record for more complicated cases 

If the direction of movement of the amplitude pattern is inclined both to the Y- 
and the Y-axes then there will be considerable variation both in 7, and 7’, as 
“lines of maximum amplitude” having different inclinations y are-swept past. 
This variation will not necessarily be evidence for a changing velocity. it could be 
produced by the random orientation of the pattern even if the velocity were 
constant. The details are examined in the next Section. 


4. DETAILED CALCULATION OF A SIMPLE CASE 


Let the receivers be situated at O, A, B. (Fig. 5.) where O is the origin of a set of 
rectangular coordinates, A is the point (a, 0) and B is the point (o.-a). Let an 
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unchanging amplitude pattern move with velocity V in a direction making an angle 
¢ with OX and let a portion of a “line of maximum amplitude” be represented by 
QOP. making an angle y with V. Let OP pass O at a time 7, A at a time T + T, 
and Bat atime 7 + 7,. Then 7, and 7, can be calculated as follows: 

QS + SA | 


a (sin ¢ cot p + cos ¢) 


t. V V 


77 008 $ (I + tan ¢ cot yp) 
a 
V 


(cos ¢ cot y — sin ¢) 





= y sin ¢ (1 — cot ¢ cot y) 


Now make the following assumptions 


V is constant (constant wind speed) 

¢ is constant (constant wind direction) 

y takes all values equally at random (random orientation of the “‘lines of 
maximum ’’) 


Then, if a bar over a magnitude represents the mean over a long sample of record 


%, (3) 


(7)? + (T,)? 
T,/T, = tan ¢ 


These results show that the magnitude (V)-and direction (¢) of the constant wind 

can be deduced from the mean time-delays (7, and 7) read from the record. 
We next investigate the way in which the individual readings for 7’, and 7', are 

distributed. Differentiation of equations (1) and (2) with respect to yp gives: 


AZ, = sing (1 + cot? y) Ay 
a 
sae cos ¢ (1 + cot? yp) Ay 


Now if the directions of the “‘lines of maximum” vary randomly so that successive 
equal ranges Ay of the angle y are occupied for equal times then successive ranges 
AT ,, as given by eq. (7), are occupied for equal times. Hence the time for which 
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unit range of T., is occupied is proportional to 1/A7',. If we now write P(T,,) AT, 
to indicate the probability of finding 7', between 7, and 7, + AT, we then have 


1/AT <a 
P(T,) « 1/AT, « al 
Now from eqs. (1), (3) and (4) 





cot p 





so that 


A similar calculation shows that 
P(T,) x ( “ ry (10) 
] +. § 2%... 
T 





x 
The probability distribution functions of expressions (9) and (10) tell us the 
variability to be expected in the Phillips records when the wind is constant in 
magnitude and direction but the “lines of maximum amplitude”’ are randomly 
distributed so as to have all directions equally frequently. The shape of the curve 
relating P(7'.,) to (7, — T,,) is shown in Fig. 6. Its scale depends on the magnitude 





(1x-Tx) — »> 
Fig. 6. Plots of equation (9) for different values of Ty. 


of T,. If, as in the simple example of Section 3(b), 7’, = 0 then the distribution 
function P(7',) is infinitely narrow, in agreement with our previous conclusion as 
represented in the schematic Phillips plot of Fig. 4. 


5. ANALYSES OF ACTUAL RECORDS 


The record of Fig. 1 was analysed by counting the number of occasions when the 
recorded “‘spike”’ had its end between any two neighbouring calibration lines. For 
the present purpose the absolute calibration of the equipment is of no importance, 
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it is sufficient to know that the sensitivity was the same on the two records (X and 
Y). The distance between calibration marks on the record was taken as a unit and 
the following mean values were deduced 


T.=2 
Hence tan ¢ 


a _ 
and pu2ve 


Next the number of occasions when 7’, — 7’, lay within the ranges 
to —2, —2 to 0, 0 to +2, +2 to +4 were determined and were plotted 


against the value of 7’, at the middle of the range as in Fig. 7. The observed values 
of T', were also plotted. Since 7’, and 7’, both have the same value, 2, the theoretical 


O Ix 

@ ly 

=m THEORY 
WITH TxeTy=2 








Tx or Ty 


Fig. 7. Values of P(7',) and P(T,) obtained from the record of Fig. 1 and compared with theory 
(equations 9 and 10). 


curves for P(7',) and P(T7’,) as given by eqs. (9) and (10) are the same. They are 
represented by the line of Fig. 7, in which the vertical scale has been adjusted so 
that it gives the best fit with the observed points. 

It appears from Fig. 7 that the record of Fig. 1 agrees about as well as could be 
expected with a simple theory in which the wind is supposed to be constant, and 
the amplitude pattern is randomly distributed. The variability in the records is 
just what would have been expected, even with a constant wind. 

Another record, made between 1100 and 1200 local time on 18.7.51, with a 
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frequency of 2.4 Mc/s gave results which could not be explained on the simple 
hypothesis used above. On this occasion 


T, = —1.8 7, = +87 


z 


and the observed values of 7’, and 7', were distributed as shown in Fig. 8 (a) and (b). 
The continuous lines represent the theoretical distribution functions of equations 
(9) and (10), plotted with an arbitrary vertical scale, and it does not seem that any 
adjustment of the scale would be likely to make the curve fit the experimental 
points. 














Fig. 8. Values of P(T,) and P(T,) obtained from a record made in Cambridge between 1100 and 
1200 GMT on 18.7.51 with a frequency of 2.4 Mc/s reflected from the E layer. There is little 
agreement with the curves which were plotted from equations (9) and (10). 


6. CONCLUSIONS 


The results exhibited in Fig. 1 and Fig. 7 could be explained in terms of a constant 
wind and an isotropically random amplitude pattern. It is possible, but not likely, 
that they could also be explained in terms of a variable wind. For the present it is 
assumed that, on this occasion, the wind was constant. 
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The results exhibited in Fig. 8 could not be explained in this way. The 
explanation will presumably require the assumption of a variable wind, or a non- 


isotropic amplitude pattern, or both. 
It is important to develop methods of analyses which would be applicable to 


these more complicated situations. 
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ABSTRACT 
The statistical variations of radio fading records made at three points are discussed. It is shown what 
information can be obtained about the statistical variations of the wind-like movements responsible for 


the fading. 
1. INTRODUCTION 


Mirtra’s (1949) method of measuring winds in the ionosphere involves the making 
of fading records at three spaced receivers and the measurement of time delays 
between correlated parts of these records. Briacs, PHILLips, and SHINN (1950) 
have considered the analysis of these records on the assumption that over a 
selected length of the record the mean wind velocity is constant, but that the 
diffraction pattern over the ground changes in form as it moves. PHILLIPS has 
developed an apparatus which measures directly the time delays between the two 
pairs of receivers and from an inspection of the records produced by this method 
the question immediately presents itself as to what part of the variations is due to 
a slow fluctuation of the mean wind velocity. RATCLIFFE (1954), in a companion 
paper, has given an elementary analysis of this problem, and has shown that on a 
simple plausible model, some of the Phillips records which at first sight seem to 
suggest a variable wind, are in fact consistent with a constant wind. He has drawn 
attention to the need for a more detailed analysis of records of this type. 

In the present paper it is shown how the statistical variations in the Phillips 
record are related to the statistical variations in the magnitude and direction of 
the wind and in the shape of the amplitude pattern of the wave over the ground. 
It is shown that there is not enough information in the records to provide infor- 
mation about the statistics of all three of the quantities concerned, but if some 
assumption is made about the nature of the amplitude pattern, then the statistics 
of the wind variation can be deduced. 


2. STATEMENT OF THE PROBLEM 
In the figure let OX, OY be rectangular coordinate axes and Jet the wind have a 
speed V in a direction making an angle ¢ with OX. Let O, A, and B be the three 
stations with OA = a = OB. Assume that a line of maximum signal moving over 
the ground can be represented by a straight line QOP making an angle y with the 
direction of the wind. Let 7',, 7, be the times for the line of maximum signal to 
travel from O to A and B respectively and assume that V, ¢, and y remain constant 
while this line passes over A and B_ Then it follows immediately that 
T.= ve wa =" sing = T, sin 6 
Vs siny v 
pn 2008 ($ + y) 
* V_ siny 





a 
= —cos 0 = T, cos 9 
v 


=o+y 
v= Vsiny 
|e T 


. 
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The problem is now to find from the statistics of 7, and 7',, which can be 
measured from the Phillips record, the statistics of V, ¢, and y. It will be shown 
that, in general, this cannot be done, but that it is possible to find the statistics of 
the quantities 7’, and 6 which define an equivalent wind whose velocity is V and 
whose direction is 9. The statistics of two of the quantities V, 6, and y can then be 
deduced if the statistics of the third are assumed known. 


Y 


LINE OF MAXIMUM SIGNAL 


DIRECTION OF WIND 








Fig. 1. 


We assume that the experimental records are used to provide information about 
the probability P,,(7,, T,) dT, dT, that T, has a value in the range of width dT, 
centred on 7',, and that simultaneously 7’, has a value in the range of width d7, 
centred on 7’. 

It is required to find some or all of the probability density functions 
Pr (Tq), Po(8), Py(V), Py(?), and P,(y) which refer to the variables indicated by 
the subscripts. First we will show how P,(9) and P7 (74) can be found. 


3. DETERMINATION OF P,(#) AND P7 (T°) 


From equation (1) we have 
T,= V1T24+T, 
and by definition 
Fixe (T,, T,) aT, aT, 


is the probability that 7, will have a value in an interval of width dT’, centred on 
T, and simultaneously 7’, will have a value in an interval of width dT’, centred on 


T,. Hence 
—— aT, 

P,, (VT? — T,?, T,) 77 aT, aT, 
’ dT, 


is the probability that 7’, will have a value in the interval of width d7’, centred on 
T, and simultaneously 7’, will have the value VT? — T,? in an interval of width 
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dT, centred on V 7,2 — 7,2. It is also the probability that 7’, has a value in an 
interval of width d7, centred on 7) and simultaneously by 7', has a value in an 
interval of width d7,, centred on 7',. Hence integrating over all possible values of 


T,, i.e. from —T') to T'9, we obtain 


dT 
"dT, aT 
dT," ° ‘ 


+T, : 
Pr, (To) aT = | . Pa (V Ty” ae ¥.) 


aT 
Substituting the value of qT. obtained from (2), in terms of 7’) and 7’, and 
0 
cancelling d7', we obtain 


+™P. (VT? — T,, T,) 
Pp,(To) = T. | O 1) of, 


VT? —T,? 


By a similar argument it may also be shown that 


+ 0 
P, (0) = sec? of T, Py (T, tan 0, T,) dT, 


—@ 


4. EXPRESSION OF Py AND P, IN TERMS OF P,, Pp, AnD P, 


In order to make further progress let us assume that P,, is known, P,- and P, can 
then be deduced as follows. From equation (1) we obtain 


V =a/(T sin y) (5) 


If we let P,’ (V, y) dV be the probability that V lies in an interval of width dV 
centred on V for a given value of y then 


Py’ (V,y) = Pr, dT /dV 
Using equation (5) we find that 


dT, /dV = —a/(V? sin y) 
and so 
Py’ (V, py) = —{a/V? sin yp} Py, (a/V sin y) 


Now values of y occur with probability of P, (y)dy and hence 


Py(V) =|" Py (Vw) Py (way 


oR 
pL | P 
V2 J_,siny 
By a similar argument it can be shown that 
Ps($) = |" Po (0 + ¥) P, (wdy 


Equations (6) and (7) taken in conjunction with (3) and (4) complete the formal 
deduction of P, and P,- in terms of P,, and P,. 
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CONCLUSION 


It has been shown that, if some assumption is made about the statistics, repre- 
sented by P,,, of the distribution of the lines of maximum signal over the ground, 
then it is possible, in principle, to deduce the statistics of the wind variation, as 
represented by P;, and P,, from values of P,, read from a Phillips record. 
Further progress depends either on the making of reasonable assumptions about 
P,,, or on the results of experiments designed to determine this function. 

Possible reasonable assumptions for the form of the function P, include 


(1) P,, constant for all values of y. 


(2) P, has a maximum at right angles to the wind; thus P, o cos” y might 
be a reasonable assumption. 


(3) P, has a maximum in some particular preferred direction; P, « cos?” 
(y — wo) might then be a reasonable assumption. 
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Book reviews 


Vortrage iiber Kosmische Strahlung: 2nd edition, edited by W. HEISENBERG. Springer-Verlag, 
Berlin, 1953. 260 pages, 257 figures, DM. 78.—. 


The first edition of this book was published in Germany in 1943 and an American edition ap- 
peared in 1946. In his introduction to the first edition the editor Professor HEISENBERG explains 
how the book originated in a series of colloquia in Berlin on various aspects of cosmic rays during 
1941-42. Some of the articles were reviews of the general state of knowledge in a given branch 
of the subject and some were original contributions. The American edition of the book was of 
considerable value to cosmic ray research workers starting work again after the War. The 
second German edition, published just ten years after the first, is a much larger book and all 
the articles are new. However, the pattern remains similar, in that some of the articles are 
surveys of the state of knowledge of the different fields, whereas others are more in the nature 
of original contributions. The articles are again based on a series of colloquia held during recent 
years in Géttingen. Some two dozen authors are responsible for some forty articles, of varying 
length and importance, covering in a rather haphazard fashion the main fields of modern cosmic 
ray research. In general there is little or no indication of a planned style or level of exposition, 
and the amount of space devoted to any particular subject seems to have depended more on 
the inclination of the various authors rather than on a particular estimate of its present-day 
importance for the cosmic ray research worker. Thus, for instance, in a book of 600 pages, 60 
are devoted to the 4-meson, 50 to the electronic component and 9 to the heavy mesons. This 
would not be a bad balance if the book were intended mainly to give advanced students the 
background to modern work: however, clearly it is not so intended. The book, in fact, tends to 
fall between the two stools of not being either a balanced textbook for the advanced student or, 
on the other hand, of not giving in all cases a really up-to-date, comprehensive and authoritative 
survey of the fields which are the growing points of the subject to-day. The bibliography is the 
most complete known to me and is very valuable. 

In spite of these minor criticisms of the book as a whole, it does contain a number of articles 
of great interest to specialist workers. Moreover, it contains a valuable set of appendices giving 
derivations of standard relativistic relations, numerical data and energy-range relations, etc. 

An entirely new section devoted to the “Origin of Cosmic Rays” is edited by BiERMANN, who 
has himself made important contributions to this subject. This most interesting article is, I 
think, the first general review of this fascinating field of—I was going to write “research,” but 
perhaps it would be more accurate to write ‘“‘speculation.’’ However, the article could have so 
well been much more comprehensive. The 18 pages of Dr. BrkeRMANN’s survey of origin theories 
are far too little. He has clearly read everything of importance, but only mentions much of it in 
passing. A few topics such as FERm1’s theory of the origin of the rays and the relation between 
interstellar magnetic fields and the turbulence of interstellar gas are given in detail. One misses, 
however, an assessment by so eminent an astrophysicist as Dr. BrERMANN of the observational 
evidence for Galactic magnetic fields and for their structure, as deduced from the polarization 
of the light from stars. I would like also to have seen much more about the outstanding problem 
of the experimental isotropy of the cosmic rays and of the types of hypotheses about the distri- 
bution of sources and of scattering by magnetic irregularities. Then the acceleration of particles 
by stars with oscillating magnetic fields is hardly mentioned. Those aspects covered in detail 
by Dr. Br=RMANN are excellently done. My criticism is only that the detailed coverage is 
somewhat perfunctory. 

Other articles of special interest are those of HEISENBERG on multiple meson production 
and those of MOLIERE on extensive showers. 

HEISENBERG’S introduction to the first edition, reprinted in the second, is of some historic 
interest as it reminds us of some facts about the use of academic scientists in the German war 
effort. When the first German edition of 1943 became available after the War, British physicists 
were definitely surprised that the colloquia in Berlin on cosmic rays on which the book was 
based should have taken place at all. At that time in England there were few British cosmic 
ray physicists who had not left their laboratories and were engaged on urgent defence problems. 
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We had not realized how little German civilian life must have been disturbed during the first 
years of war. By the time the volume went to the publishers in June, 1943, things, of course, 
had changed, and HEISENBERG records this in his opening sentences: ‘Die Forschungen tiber 
kosmische Strahlung werden von der Ungunst der Zeiten besonders stark betroffen. Denn einer- 
seits miissen sie in den meisten physikalischen Laboratorien naturgemiss hinter anderen 


Problemen zuriickstehen. .. .”’ 
P. M. S. BLAcKETT 


Goopy, R. M.; The Physics of the Stratosphere. (Cambridge monographs on Physics. General 
Editors: N. FEaTHER, F.R.S., and D. SHOENBERG, Ph.D., F.R.S.). Cambridge University 
Press, London. (American Branch: New York. Agents for Canada, India, and Pakistan; 


Macmillan) pp. 187, 1953. 21s. net. 


Research on the vast regions of the atmosphere lying above the lowest few kilometres of weather- 
forming layers is a fairly recent venture, and great progress has been made on this subject using 
both direct and indirect methods. The direct methods include use of sounding balloons, smoke 
shells, sound explosions, radio wave exploration, and, more recently, high altitude rockets, 
such as the V2, the Viking and the Aerobee. The indirect methods include study of meteors, 
solar and atmospheric spectroscopy, noctilucent clouds, meteors, barometric oscillations and 
the terrestrial magnetic variations. Some of these methods are of use only within definite height 
ranges; others have more extensive applications. A large amount of literature is now available 
on the application of these different methods and although much more has yet to be done it is 
possible now to make a coherent picture of the high atmosphere. There is however a dearth of 
books adequately dealing with the topic. A pioneering book in this line is ‘““The Upper Atmo- 
sphere” by S. K. Mirra which deals with the whole atmosphere from the ground to the exosphere. 
For those who are specifically interested in the atmosphere between 15 to 75 km, the present 
book offers excellent reading material. 

The title is perhaps misleading to some of the physicists to whom the stratosphere is a fairly 
narrow region beginning with the troposphere and ending at about 30 km. The present book 
considers the stratosphere to extend up to about 75 km where the second minimum in tempera- 
ture is reached. This therefore includes the ‘‘mesosphere”’ as defined by CHAPMAN and the 
‘““Chemosphere”’ as defined by GERSON and KAPLAN. 

The first chapter, which introduces the subject and defines the atmospheric nomenclature 
used, also describes the various tools of research in this subject, such as balloons, aircraft, and 
rockets. Chapter II gives a very able description of the various methods of measurement of 
atmospheric temperature. The data for the lower stratospheric regions up to about 20 km as 
obtained by balloon-borne radio sondes are described. For the higher levels, temperature is 
obtained from the propagation of sound, from meteors, from rockets, and less directly from 
noctilucent clouds, from solar and atmospheric spectroscopy, from collision frequency and 
sometimes from certain ionospheric parameters. Chapter III describes the density distributions 
of various atmospheric constituents including such minor constituents as water vapour, carbon 
dioxide, the rare gases, and some of the nitrogen compounds. The existence of atmospheric 
sodium is mentioned, but no details are given. The ozone layer which causes the first tempera- 
ture maximum above the ground is discussed in Chapter IV. Chapter V describes the various 
measurements on stratospheric winds, a subject of considerable importance to synoptic meteor- 
ology. The last chapter describes the intensities of the solar radiation at various wavelengths, 
the line and band absorption of the radiation by various atmospheric constituents, and the 
resulting temperature distribution of the atmosphere. 

The book is well arranged and the material is excellent. Doubtful results have been left out. 
In doing so, however, some interesting aspects of the atmosphere have not been given proper 
emphasis. There may be appreciable dissociation of molecular oxygen and of water vapour at 
the top of the “‘stratosphere”’ as defined in this book. Between 30-80 km, which has sometimes 
been described as the ‘‘Chemosphere,”’ various reactions occur, involving molecular and atomic 
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oxygen, ozone, and the various nitrogen oxides. The photochemistry of these constituents 
forms a fascinating study; such chemical reactions have only been considered in passing in 
this book (Chapter IV). 
Little mention has been made of the ionospheric region D which extends down to 70 km and 
perhaps even to lower heights, specially during the times of sudden ionospheric disturbances. 
Excepting these few details of perhaps restricted interest, the book has covered the various 
aspects of the atmosphere between 15 to 75 km in a satisfactorily comprehensive way, and will 


be of use to those who are interested in the upper regions of the atmosphere. 
A. P. MiTRA 





Obituary 
Str NEtson Jounson, K.C.B., D.Se., A.R.C.S. 


On 23rd March meteorologists everywhere were shocked to hear of the death, in tragic circum- 
stances, of Sir NELSON JOHNSON, late Director of the Meteorological Office. His friends had 
known for some time that he was a sick man, but had hoped that medical science, even if it 
could not bring about a complete recovery, would at least slow down the progress of the disease 
enough to ensure a happy retirement, but this was not to be. 

NeELsSon KinG JOHNSON was born in 1892 and began his career as an astronomer, working 
with Sir Norman Lockyer. Throughout his life he retained a deep interest in astronomy. 
During World War I he became a pilot in the R.F.C., and there is a legend, better founded than 
most, that an accident in which he was involved, being largely caused by the current lack of 
knowledge of meteorology as it affected aviation, first turned his thoughts towards the science 
of the atmosphere. However, the scientific work for which he is best remembered deals with 
conditions in the lowest layers of the atmosphere. When in 1921 he was appointed to the post 
of Head of the Meteorology Section at the Chemical Warfare Station at Porton, he found an 
almost unexplored field before him. He gathered around him a band of young men who were 
infected by his enthusiasm, and some of the most notable work ever done in meteorology was 
the result of his leadership. When he left this post in 1928 he had founded the science of micro- 
meteorology, and his Geophysical Memoirs on the temperature field near the ground will always 
be regarded as classical. 

JOHNSON climbed rapidly after this, becoming Director of Experiments at Porton, then 
Chief Superintendent of the Chemical Defence Research Department and finally Director of 
the Meteorological Office in 1938, a post which he took up with enthusiasm and high hopes. 
But war was declared in the following year and JOHNSON had to turn all his energies to the vast 
task of expansion and reorganisation. His sense of duty was so strong that undoubtedly he 
overworked and damaged his health, but in 1945 he could look with pride on a meteorological 
service that was second to none in the world. It was characteristic of the man that in 1943, 
when our fortunes were at a low ebb, he founded the Meteorological Research Committee and 
simultaneously gave the Meteorological Office, for the first time, a strong and well-directed 
research side. After the war he turned his attention to international matters, and it was 
largely through his skill, tact and unfailing courtesy that the World Meteorological 
Organization was well founded. For this alone his name deserves to be honoured. 

JOHNSON was quiet in manner, modest to a fault and invariably courteous to all with whom 
he dealt. His interests were primarily those of the scholar, but he did not spare himself in 
promoting the well-being of all who served under him. He was regarded with affection by his 
staff and only those who worked closely with him know how much of his time and energy he 
gave to his job. Our deepest sympathies go to Lady JoHNSON and their two children. 

O.G.S. 
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Radio reflections from aurorae 


K. BuLLoueH and T. R. Kaiser 
Jodrell Bank Experimental Station, University of Manchester 
(Received 17 April 1954) 
ABSTRACT 
The paper offers an interpretation of auroral echoes observed at Jodrell Bank on two occasions in 1953. 
It is concluded that in each case the echoes are due to direct, non-specular reflection from an auroral arc 
extending more than 1000 km along a parallel of geomagnetic latitude. The reflection apparently occurs 


in a region of the arc of limited vertical extent at a height of about 125 km. The observed line of sight 
velocities of intense reflecting centres are interpreted as true motions along the arc with velocities of the 


order of 1-2 km sec—!. 
1. INTRODUCTION 


Extensive observations of aurorae by metre wave radio echo techniques have been 
made in recent years at Jodrell Bank (lat. 53°13’53” N, long. 2°18'11” W, LovELL 
et al., 1947; ASPINALL and HAawkKINs, 1950) as well as in Canada (ForsyTu, 1953; 
CuRRIE ef al., 1953; McKintey and Miitman, 1953), Norway (Harana and 
LANDMARK, 1954), and Sweden (HELLGREN and MEos, 1952). 

In the previous work at Jodrell Bank the aerial systems were either fixed, or, 
if steerable, were pointed in one or more fixed directions during the observations. 
The equipment with which the present results were obtained is designed both for 
meteor and auroral observations and differs from the previous techniques in the 
aerial system which rotates about a vertical axis and has a fairly narrow, low 
elevation, pencil beam. It has operated almost continuously since March 1953. 
During the period March-December 1953, auroral echoes have been obtained on 
three occasions, March 9, May 15-16, and October 15. The May and October 
echoes occurred during daylight, hence no simultaneous visual observations could 
be made, however they conform in direction, range, and general character with 
previous ones obtained when seeing conditions permitted direct visual correlation. 

While the observational material is thus not very extensive, the interpretation 
seems sufficiently unambiguous to resolve (at least for these particular aurorae) 
some disputed questions. These include the doubt raised by Harane and Lanp- 
MARK (1954) as to whether the echoes are, in fact, due to direct reflection from 
aurorae, as well as the question raised by various workers as to whether or not the 
reflection is specular (from auroral surfaces or rays). The analysis leads, in addition, 
to some detailed conclusions concerning the geometry and structure of the par- 
ticular aurorae. 

The discussion is limited to the aurorae of 1953 Oct. 15 and May 15-16 since on 
March 9 the equipment was not functioning during the hours 0115-0415 and 
strong auroral echoes were observed during only one aerial rotation (at 0443 hr.). 


2. THe EQUIPMENT 


The equipment parameters are: Wavelength 4-1 m, peak transmitter power 
10 kW, pulse length 40 ys, pulse repetition frequency 150 sec, receiver sensitivity 
2 x 10-4 watt. Pulses are transmitted in pairs separated by 333 us, corresponding 
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to a range displacement of 50 km. The aerial system consists of an array of two, 
six element, Yagi aerials mounted at a height of 20 ft. above ground on a motor 
driven turntable which has a period of rotation of approximately 6 min. The aerial 
beam (Fig. 1) has an azimuthal width of 20° between half power points and its 
maximum gain of about 90 (compared to a hypothetical isotropic radiator) occurs 
at elevation +10°. Comparison between the sporadic meteor rate observed on 
this and other equipments suggests that the actual echo power sensitivity may 
be an order of magnitude less than the value calculated from the above figures. 

The echoes are displayed in rectangular range-time co-ordinates by means of an 
intensity modulated cathode ray tube photographed on a continuously moving film. 
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Fig. 1. Aerial power polar diagrams. (a) Horizontal, (b) Vertical. 


3. THe AvRORA OF OCTOBER 15, 1953 


Echoes were first observed at 1300 hr. (U.T.) on a somewhat more sensitive 
apparatus and increased considerably in intensity shortly before 1800 hr. The 
rotating aerial equipment was brought into operation at 1751-2 hr. and strong 
echoes were obtained during three revolutions of the aerial beam; the observations 
were then interrupted and shortly afterwards echoes ceased completely. The 
records obtained are shown in Fig. 2. A simultaneous record obtained on another 
equipment (ASPINALL and HAWKINS, 1950) which has a narrow pencil aerial beam 
directed at elevation 8°, azimuth 68° W of N is shown in Fig. 3; in this direction 
the echoes increased abruptly in amplitude at 1752-5 hr. and remained high until 
about 1815 hr. when they disappeared. 


Interpretation of the echo structure 

Tite echoes are mainly diffuse (i.e. extended in range) with, however, some discrete 
structure visible in the NE direction at ranges of about 500 and 700 km in Figs. 2a 
and 2b respectively. The gap which appears at range 530 km in the NE in Fig. 2b 
is due to receiver saturation effects. The detailed form of the echoes shows marked 
changes between the three records (which are separated by time intervals of 6 min.). 
The mean echo range during the complete aerial revolutions corresponding to Figs. 
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Fig. 2. Auroral echoes, Oct. 15, 1953, displayed in range-time coordinates. (a), (b) and (c) correspond 
to three successive aerial rotations. 
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Fig. 3. Auroral echoes, Oct. 15, 1953, observed with the narrow aerial beam directed towards N.W. 





Radio reflections from aurorae 


2b and 2c appears to lie along an are which is symmetrical about a direction 16° W 
of N and there is a marked spread in range which is a minimum at the centre of the 
arc (minimum range). 

The simplest interpretation of these results is that the reflection occurs along a 
line of geomagnetic latitude about 3° to the north of Jodrell Bank (geomagnetic 
latitude 56°). In Fig. 4 this line is shown dashed in range-azimuth co-ordinates 


N (GEOMAGNETIC) 
N (GEOGRAPHIC) 
J 





a 
Bess 
se 



































































































































60° 
AERIAL AZIMUTH ==> 
(DEGREES EAST OF GEOMAGNETIC NORTH) 


Fig. 4. The echoes of Fig. 2 (hatched) are superimposed on theoretical echo contours (full lines) 
corresponding to a low elevation reflecting arc along a parallel of geomagnetic latitude (broken line). 


(assuming the height of the reflecting region to be of the order of, or less than, 100 
km), with the actual echo forms superimposed. The full lines give the theoretical 
echo range limits taking account of the finite aerial beam width and pulse separa- 
tion. The best fit was obtained by taking the magnetic meridian to be 16°+ 2° W 
of N, which is in close agreement with the value 18°26’ given by CHAPMAN (1953) 
for the location of Jodrell Bank. 

The position of this assumed reflecting arc is shown in Fig. 5, projected on to a 
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plane which is tangent to the earth at Jodrell Bank; the limits of the arc correspond 
to the observed range limits of the echoes. 

Since reflections are obtained along the whole length of this arc, we conclude 
that the auroral formation behaves as a rough reflector along this line, i.e. that it 
exhibits a rough surface or, more likely, consists of an aggregate of reflecting 
centres, a number of which lie within the aerial beam at any instant. It is clear 
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Fig. 5. Location of the assumed reflecting are (broken line) projected on to a plane tangent to the 
earth at Jodrell Bank (J). The limits of the arc correspond to the observed maximum echo ranges. 


from Fig. 4 that the spread in range is due almost entirely to the finite beam 
width and pulse spacing. The minimum range spread (observed in the direction of 
the magnetic meridian) is only of the order of the latter (50 km) hence we conclude 
that the thickness of the reflecting region normal to the arc is not more than 
10-20 km. 


Non-specular reflection 


The hypothesis that the reflection is specular and derives from those parts of the 
aurora where the vector from the observer intersects normally the direction of the 
terrestrial magnetic field has been advanced by various authors (LOVELL et al., 
1947; ASPINALL and Hawkins, 1950; HELLGREN and Mgos, 1952; BooxKeERr et al., 
1954; CHAPMAN, 1952), while the opposing view is held by the Canadian workers 
(CurRRIE et al., 1953). 
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It should be noted that the conclusions drawn above concerning the “‘roughness”’ 
of the reflecting structure are not inconsistent with the idea of specular reflection; 
for instance the reflecting are could consist of auroral rays following the direction 
of the terrestrial magnetic field and distributed along the assumed parallel of 
latitude. However, the following additional arguments appear to rule out specular 
reflection in the present case. 

The theory of CHAPMAN (1952) appertaining to this type of specular reflection 
has been evaluated numerically by Cary (1953) for the location of Jodrell Bank. 
Table 1 gives the heights and elevations of the specular reflection points derived 
from Catn’s figures for the points A, B—H along the assumed reflecting arc (see 
Fig. 5). Thus on the specular reflection hypothesis the reflecting are lies below 
80 km over more than half of its length, while its extremes fall below the horizon. 
According to HaRANG (1951): “On the basis of many thousands of height deter- 
minations we must conclude that the possible occurrence of aurorae below 80 km 
must be exceedingly rare.”’ 

Since the reflection is non-specular, the most logical hypothesis would appear to 
be that it occurs in the most intensely ionized part of an aurora, probably in a 
fairly restricted height range near the lower boundary. 


Table 1. Theoretical heights and elevations, assuming specular reflection 





Position on are (Fig. 5) A B C D E 
Elevation (deg.) 3:5 12 10 8 6 
Height (km) 4 93 89 83 76 























Further discussion of the echo geometry 


Other possible interpretations of the echoes which remain to be eliminated are: 
(i) Since the echoes are recorded with a repetitive 1000 km timebase, it is possible 
that the true ranges are an integral multiple of 1000 km in excess of the apparent 
range given in Fig. 2. (ii) That the echoes are due to long range scattering from an 
irregular terrain, combined with skip reflection from an ionized region at a height 
of the order of 100 km as suggested by HaRaneG and LANDMARK (1954). 

The first possibility is unlikely on the following grounds: The reflecting region 
would appear convex towards the observer when plotted in the co-ordinates of 
Fig. 5 and its height would have to be in excess of 200 km in order that it should be 
visible above the horizon. 

The second hypothesis would require the distance of the actual reflecting region 
to be about one half of the observed echo ranges. In this case, assuming a height of 
about 100 km, the part of the region at range 280 km (corresponding to an echo 
range of about double this figure) will coincide with the first zero in elevation of the 
aerial beam whereas in fact the echoes are most intense at a range of 500-600 km. 
Also, we would expect that long range scattering from land or sea would give rise to 
a considerable spread in range in addition to that due to the finite aerial beam 
width, however, as has been shown above, this latter accounts satisfactorily for 
the observed range spread. 
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The height of the reflecting region 

Adopting the hypothesis that we are dealing with a reflecting arc of constant and 
fairly well defined height which is situated along a parallel of geomagnetic 
latitude, we can evaluate theoretical echo contours for various heights. Up to 100 
km or so these are substantially independent of height and are as given in Fig. 4. 
Figs. 6(a) and (b) show the contours for 150 km and 200 km respectively, with the 
echoes of Fig. 2(c) sketched for comparison. The divergence between the theory 
and observation is marked at 200 km and is apparent even at 150 km, suggesting 
that the echoes originate below this level. 
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Fig. 6. Theoretical echo contours for a reflecting arc along a parallel of geomagnetic latitude at 
various heights, 4, above the earth. The echoes of Fig. 2(c) are shown hatched, for comparison. 


It may be argued that the true height may be above 150 km but that the actual 
auroral geometry differs from that assumed to an extent sufficient to give this 
apparent result. However, further evidence is obtained from a consideration of the 
variation of echo amplitude with range. If the reflections were uniform along the 
arc we would expect this to depend upon the variation of the elevation angle of the 
reflecting region (and hence of the effective aerial gain), the varying angle of 
incidence to the arc, and on the spatial attenuation. Fig. 7 gives the predicted echo 
amplitude as a function of range derived from the polar diagram of Fig. 1(b) 
combined with an assumed inverse square amplitude-range law. The detailed echo 
structure changed considerably in the aerial rotation period (6 min.), however 
superposition of Figs. 2(b) and 2(c) shows that echoes were observed at all ranges 
from the minimum (360 km) to a maximum of about 800 km. This implies 
a height below 125 km otherwise (see Fig. 7) there should be a gap corresponding 
to the first zero in elevation of the polar diagram. On the other hand the fact that 
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the most intense echoes occur in the range interval 500-600 km suggests that the 
height is not much below 125 km, it would certainly appear to be above 100 km. 


Motion of reflecting centres 

Changes with time in the echo structure were observed both on the rotating and 
fixed beam equipments (Figs. 2 and 3 respectively). In this latter case they mani- 
fest themselves in part as a displacement with time of the range of relatively intense 
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Fig. 7. Predicted variation of echo amplitude with range for various heights, h, 
of the reflecting region. ‘ 


echoing regions corresponding to a receding line of sight velocity of about 1-3 km. 
sec-!. The discrete echoes observed with the rotating beam equipment (which 
must be due to particularly localized centres of ionization) also exhibit range 
displacements; they occur in the NE at about 700 km (Fig. 2a) 500 and 700 km 
(Fig. 2b) and have approaching line of sight velocities of about 1-4, 0-8 and 0-8 km 
sec"! respectively. These movements may be interpreted as motion of intense 
reflecting regions along the arc (due presumably to the motion of the ionizing agent 
rather than the mass motion of the ionized regions), in which case the motion is 
towards the west (the fixed beam is directed 68° W of N) with a true velocity of 
between | and 2 km sec™!. It is interesting to note that Fig. 3 indicates the presence 
of several intense centres spaced by several hundred km which appear to follow one 


another along the arc. 


4. THe Aurora oF May 15-16, 1953 


Although the observations on this occasion cover a much longer period of time than 
those reported above, it is not possible to make such a detailed analysis since the 
speed of the recording film was several times slower and echoes were partly ob- 
scured by local electrical interference during most of the period of observation. 
On May 15 diffuse echoes were received during three aerial rotations at, respec- 
tively, 2032 hr U.T. (ranges 500-700 km, signal amplitude of the order of twice 
noise), 2050 hr (ranges 500-600 km, 1-5 x noise echo) and 2113 hr when the signal 
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was just detectable. In every case the echoes appeared when the aerial beam was 
directed towards NE. 

The sequence of diffuse echoes on May 16 commenced with a relatively intense 
echo in the NE (6 < noise) at 1513 hr which disappeared until 1542 hr when it was 
observed again in the NE, at about 1-5 x noise. Subsequently it was present 
almost continually until 1839 hr, the signal amplitude fluctuating between zero 
and about eight times the receiver noise level. From 1650 until 1839 hr echoes 


Nu 






































270 fe) 90 90 
AERIAL AZIMUTH (DEGREES EAST OF GEOMAGNETIC NORTH) ———> 





1750 1755 hr 1800 
TIME(UT) ——> 


Fig. 9. The echoes of Fig. 8 (hatched) are superimposed on the theoretical echo contours (full 
lines) corresponding to a low elevation reflecting are along a parallel of geomagnetic latitude. 
4, — Geomagnetic North, V,, — Geographic North. 


were visible in both the NE and NW but with relatively small amplitude in the 
latter direction. The echoes in the NE and NW formed together a horseshoe shape 
with the maximum echo amplitude occurring usually at a range of about 500 km. 
At no time were echoes visible at the base of the horseshoe, hence the range corre- 
sponding to this point was difficult to determine accurately; however, it appeared to 
vary between 320 and 380 km. A record showing echoes in both the NE and NW is 
shown in Fig. 8. 


Interpretation of the echo structure 


The echoes of Fig. 8 are sketched in Fig. 9 together with the theoretical echo limits 
for a low elevation reflecting arc along the same parallel of geomagnetic latitude as 
was assumed for the Oct. 15 aurora. Because of this close similarity with the Oct. 
15 observations, the conclusion reached above that the echoes are due to direct, 
non-specular reflection applies here also. 

The complete absence. during three hours’ observation, of echoes at the esti- 
mated minimum range of the are (350 km) is almost certainly due to the part of 
the are corresponding to this range falling in the first zero in elevation of the aerial 
beam. Hence, referring to Fig. 7, the height of the region must be close to 125 km. 
This is supported by the maximum of echo intensity at about 500 km. 

There is no discrete echo structure apparent, nor were echoes obtained with the 
fixed beam equipment referred to above. hence no line of sight velocities were 


196 











U | 
1750 hr 7800 


Fee l(hT) em 


Auroral echoes, May 16, 1953, observed during three successive aerial rotations. 
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obtained. However, the echo structure exhibited considerable change with time, 
which is quite likely due in part to motion along the are of relatively intense 
reflecting regions. 


5. CORRELATION OF THE AURORAL ECHOES WITH OTHER PHENOMENA 


According to Paton and McINNEs (1954), aurorae were visible during March— 
Dec. 1953 (the period covered in the present discussion) in, and south of, geo- 
magnetic latitude 58° on the nights given in Table 2. The dates are grouped 
according to 27 day recurrence sequences and the southwards penetration is indi- 
cated by the geomagnetic latitudes in brackets. 


Table 2. Visual auroral observations, March—Dec. 1953 


D. March 8-9 (55); April 2-3 (58) and 3-4 (57) 

E. May 16-17 (56); Sept. 1-2 (56), 2-3 (58), and 3-4 (56) 

F June 29-30 (58); Sept. 18-19 (58); Oct. 16-17 (57) and 17-18 (57); 
Nov. 12-13 (56). 


It is clear from Table 2 that the radio observations coincide with the presence 
of aurorae in low geomagnetic latitudes on the same nights for the March 9 and 
May 16 echoes and on the following night for the Oct. 15 results. Drs. PATON and 
McInNnEs have kindly sent us detailed information of the visual observations on 
and near these dates, from which it appears that there was extensive obscuring 
cloud on the night 15-16 Oct. No radio echoes were observed on or near the other 
dates in Table 2, although the apparatus was operating on all occasions with the 


exception of the hours 1530-1700 on Nov. 12. 
On all three occasions there was considerable magnetic activity. The K-indices 
recorded at Abinger, Eskdalemuir, and Lerwick for the appropriate periods are 


given in Table 3*. 
The aurora of Oct. 15 is probably also associated with a Class I solar flare which 


was observed at the Royal Observatory, Edinburgh, on Oct. 14, 1025-1050 hr. 


Table 3. Indices of geomagnetic activity at Abinger (Ab), Eskdalemuir (Es) and Lerwick (Le) 





Ab Es Le 





0000-0300 hr 
0300-0600 


1800-2100 





1500-1800 
1800-2100 





1500-1800 
1800-2100 

















* J. Atmosph. Terr. Phys. 1953, 3, 350; 1953, 4, 86; 1954, 4, 346. 
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6. SUMMARY AND DISCUSSION 


Auroral echoes were observed in March, May, and October of 1953 on a 4m radio 
echo equipment with a narrow beam aerial rotating continuously in a horizontal 
plane. The dates of the radio observations correlate closely with occasions on 
which aurorae were visible in, and south of, geomagnetic latitude 58°. The more 
extensive results on the latter two occasions admit of an extremely simple inter- 
pretation in terms of direct reflection from an ionized region which closely follows 
a parallel of geomagnetic latitude (in both cases about 3° to the north of Jodrell 
Bank). An outstanding feature is the tremendous extent of the are from which 
echoes were obtained (exceeding 1000 km in both cases). It should be noted that 
the extreme limits are very likely set by geometrical factors (decreasing elevation 
and increasing range of the reflecting region) and hence may not represent the 
actual limits of the auroral activity. 

The diffuse character of the echoes (their extension in range) can be accounted 
for by the finite width of the aerial beam. hence it is concluded that the horizontal 
thickness of the reflecting region is not more than 10-20 km. The echo geometry 
is inconsistent with the hypothesis of specular reflection from structures following 
the direction of the terrestrial magnetic field. and the suggested explanation is that 
the reflection occurs in a narrow height range (perhaps of the order of the atmo- 
spheric scale height) at about 125 km for the May 16 aurora and slightly less on 
Oct. 15. 

Intense reflecting regions in the aurora of Oct. 15 exhibited line of sight move- 
ments of the order of 1 km sec~!. This is consistent with a true velocity of 1-2 
km sec~! in the direction E to W along the are. A comparison of this figure with 
the normal #-region wind velocities (50-100m sec!) and with the velocity of 
sound (~300m sec~!) suggests that the motion is of the ionizing agent rather than 
a mass movement of the ionized gas. The regions responsible for the discrete 
echoes in the NE must have been less than a few tens of km in extent, hence, if the 
above hypothesis is true. the ionization must decay to a value below the limit of 
detection in a few tens of seconds after removal of the ionizing agent. A simple 
calculation* suggests that the actual decay time may be of the order of | sec or less. 

ASPINALL and HAWKINS (1950). using a fixed aerial beam directed 68° W of N. 
obtained on various occasions line of sight velocities ranging between —1-5 and 
+3-5 km sec!. Hence, if we assume that the auroral geometry on these occasions 
was similar to that deduced above. we find that the motion may be in either direc- 
tion (E—W or W-E) along the arc. Maxwe.u and Daae (1953) have observed the 
scintillation of radio stars viewed through the auroral zone at times of bright 
visual aurorae and on two occasions in 1953 (March 8-9 and April 16-17) deduced 
drift velocities in the irregular region responsible for the scintillations in excess of 
1 km sec~ in the directions towards SE (March 8-9) and due west (April 16-17). 
The first date (March 8-9) coincides with the radio observations but on April 16-17 


* The electron density will decay through recombination to the critical value n, appropriate to the 
wavelength concerned in a time which is less than 7 = (xn,)~! where « emsec"! is the recombination 
coefficient. Taking « ~ 10-§ (the E-region value), n, ~ 7 x 10% em-$ (for a wavelength of 4:1_m) we 
get r = | sec. 
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no radio echoes were obtained on the rotating beam equipment which was, however, 
out of action for considerable periods. 

MAXWELL (1953) finds the scale of the auroral irregularities causing the radio 
star scintillations to be a few km and it is tempting to suggest that the reflecting 
region consists of blobs of ionization of this order of size. We do not wish to enter 
into a detailed discussion of the mechanism of reflection. except to say that we 
support the conclusion of ForsyTH (1953) and Seaton (1954) that the electron 
density in the individual reflecting elements is above the critical value appropriate 
to the wavelength employed (6-7 x 10*%em~% for a wavelength of 4-1 m). 

The above interpretation may be compared with the characteristics of visual 
auroral formations as summarized by Harane (1951). The distribution of the 
echoing region along a parallel of geomagnetic latitude suggests one of the various 
are forms and it is interesting to note that HaRranaG describes an are of 800 km 
length. extending from the sunlit to the dark region of the atmosphere. The 
height of the lower border of such ares increases from about 100-110 km in the 
dark region to 120-130 km in the sunlit atmosphere. This latter figure is in ex- 
cellent agreement with the height deduced above, indicating that the radio re- 
flections occurred near the lower boundary. The changes in the structure of the 
echoes and the rapid movements of intense reflecting regions on Oct. 15 would be 
consistent with one of the fluctuating arc forms (pulsating and flashing). It should 
be noted that the radio observations. particularly on Oct. 15, suggest that the are 
lies within at least a few degrees of the magnetic meridian whereas visual obser- 
vations (HARANG.1951; JENSEN and CuRRIE, 1953) indicate a considerable spread 
in the orientation measured from the magnetic meridian to the westward extension 
of the are, with a mean between 97° and 100°. 
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in the ionosphere 
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ABSTRACT 


Methods of deducing the highest and lowest ionization distributions which are consistent with a given 
h’f pattern are indicated and the sources of error when using rapid methods of analysis are briefly dis- 
cussed. Some examples are given. 


1. INTRODUCTION 


It has been known for many years (APPLETON, 1930; DE Groot, 1930) that it is 
often impossible to deduce a unique function for the variation of height of re- 
flection with frequency from the observed variation of the apparent height with. 
frequency (h’f pattern). It is, therefore, interesting to find the limits of the zone of 
heights in which must lie all distributions capable of giving the h’f pattern and to 
discuss the factors which determine the width of this zone. Furthermore, popular 
methods of analysis (BOOKER and SEaTon, 1940; APPLETON and BEynon, 1940 
and 1947; MANNING 1947; KeELso, 1952) often produce results which differ 
appreciably. Some of these differences are due to the approximations inherent in 
the methods and some due to the existence of the zone of equivalent distributions. 
It is convenient to call the zone which includes both deviations ‘‘the zone of possible 
error.’’ The purpose of this paper is to summarize the main limitations and the 
more insidious experimental difficulties encountered when it is desired to analyse 
numerous ionization distributions with height. 

The discussion given below neglects effects due to the earth’s magnetic field. 
These may be introduced by noting that the main effect of the field is to alter the 
apparent thickness of the ionization distributions without greatly changing the 
heights at which they are maximum. This will increase the gaps between suc- 
cessive layers. An adequate appreciation of the magnitude of the differences 
between the apparent distributions with and without the magnetic field has been 
given by SHINN and WHALE (1952). 


2. Limitinc I[ONIzATION DISTRIBUTIONS 


When the height to density function of the ionization distribution is single-valued 
the actual height of reflection, h,, of any frequency, f,, may be deduced from the 
apparent height pattern: 

h’ = b(f) 


b= 4042 [HDL 


w ¥ 
If the ionization distribution has a maximum with a critical frequency, f, h, is 
indeter minate for f,, > fy. We wish to find the upper and lower limits of h,, f > fo. 


using 
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It is not difficult to see that these are both unique and may be found with the aid 
of equation (2). 

The upper limit is obtained by minimizing the group retardation in the upper 
layer at f = f) and maximizing the group retardation below this layer. For the 


upper layer 
h, =h(fo) for fy <fo (3) 


Maximum group retardation below the point of reflection is obtained by replacing 
the actual distribution above the maximum of the lower layer by a slab of constant 
density having a critical frequency equal to fj. The thickness of this slab may be 
easily deduced by noting that 


h,>h(f,) forall f, >f, (4) 


If we now subtract the group retardation due to the slab and the lower layer 
distribution we obtained the reduced h’f pattern: 


=f), fefo 
hW’=h fo), £<fo 


which may be solved uniquely using equation (2). 

The lowest distribution consistent with the observed h’f pattern is obtained by 
maximizing the ionization density at the lower heights so that it increases con- 
tinuously from the maximum of the lower layer. Such distributions are consistent 
with equation (2) and hence if equation (2) is applied to the original h’f pattern, 
h’ = d(f ), the lowest limit distribution, will be obtained. 

The fundamental difference between the two ionization distributions is the 
existence of an empty gap between the top of the slab ionization and the bottom 
of the upper reflecting layer. If this gap were absent both curves would be identical 
and the solution unique. The width of the zone of equivalence at a frequency, f, 
above f, is proportional to this gap and to a function of f/f). It is obvious that 
this width is critically dependent on the shape of h’ = ¢(f ) when f = fy. Since 
this part of the trace is often complicated or missing in practical records it is often 
necessary to neglect the slab entirely. This increases the possible error appreciably. 


(5) 


3. METHODS OF DETERMINING THE HEIGHT OF REFLECTION 


Methods of determining the height of reflection from an h’f pattern fall into two 
groups: 

(a) Techniques based on the integral equation (equation (2)), the restriction 
being ignored. 

(b) Techniques based on matching the hA’f patterns observed with those 
calculated from simplified models. 

It is convenient to call group (a) “integral methods” and group (b) “‘model 
methods.” In most practical cases, integral methods give distributions near the 
lower boundary of the indeterminate zone and model methods solutions near the 
upper boundary but considerable departures are possible when the technique used 
is inadequate. 
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In general, it is difficult to delineate small changes in shape by integral methods 
and approximate techniques are adequate only when the height does not change 
rapidly between sampling points. Model techniques can define shape very accu- 
rately but are very sensitive to small errors in measuring frequency or frequency 
ratios. Care must also be taken that the actual ionization distribution may be 
represented with reasonable accuracy by the type of model used. In both cases 
the analysis is greatly simplified if the original h’f pattern is expressed using linear 
h’ and logarithmic frequency scales. 


(a) Integral methods 

RYDBECK (1940) and Mannino (1947) have shown that equation (2) can be evalu- 
ated neatly by putting f = f, sin 6 and solving the Schlémilch integral, equation (6), 
graphically: 


2/2 
hy = #10) += [40 J sin 6) . a (6 


In practice ¢( f ) is replotted, for each f,, in the form ¢( f, sin 6) : 6 and the areas 
under the curves found. This procedure may be considerably shortened, at the 
expense of some loss in accuracy, by using one of the classical methods of deducing 
the area under a curve from the magnitudes at a limited number of ordinates. 

Thus we may apply Simpson’s rule to the original h’f curve by observing the 
apparent heights on the frequencies fk, 


fe = fu sin (5) for k= 0,1...2 (7) 


giving 
h’, 


2 tothe (8) 


k=0 


v 


Ss h’ 


It is usually more convenient to determine the average from the ordinates at the 
middle of each sampling area, i.e. using 


2k —1 
f= f,sin (7 —*.2) fork = 1,2...” (9) 


h “ue 
= ’ 10 
v am k (10) 


This enables the height h, to be determined even when h’,,, equation (8), is infinite, 
ie. at a critical frequency. 

Equations (9) and (10) are identical with those obtained by KrExLso (1952) who 
applied orthogonal functions to solve equation (2) by successive approximations. 
It is clear that his method is equivalent to a sampling process for finding the area 
under the curve of equation (6). This work has provoked interesting discussions 
about the optimum method of sampling (MANNING, 1953; SHinn, 1953; KELSo, 
1954) and about sampling techniques which introduce the effects of the earth’s 
magnetic field (KELSO, 1954). These are, however, really more applicable to 
accurate analyses of small samples of observations than to our problems. 
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Sampling methods cannot give an accurate solution when the width of the 
sampling band is large and h’ varies considerably over the band. In particular, 
systematic errors may be expected whenever a sampling frequency is near fy 
where ¢( f,) > o. As f, increases from f, = fy, each of the sampling frequencies, 
f,, becomes equal to f, in sequence. The value of h’, increases from values 
appropriate to the lower layer to infinity, when f, = fo, and then falls to values 
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Fig. 1. Typical h’.f pattern between E and F. Sampling distortion when n = 10. 
appropriate for the upper layer. Thus h, increases to infinity and then decreases 
] sd oe 
to a level about — (h’,., — h’,_,) above its original value. This gives a large error 

n 


at f;, =f) superposed on a step-like variation, Fig. 1. The analytical procedure 
makes the algebraical sum of the areas between the apparent and true h, : f curve 
zero but as the infinities can seldom be plotted accurately, the deduced most 
probable curve will normally lie rather low. A reasonably smooth, but displaced, 
curve can be obtained by ignoring the group retardation near f = fy. 

When using scales or sliders to deduce ionization distributions for a large num- 
ber of records it is usually advantageous to include the boundaries of the zones 
which are being represented by each ordinate. These are delineated, of course, 
by the additional ordinates obtained by replacing ‘n’ by ‘2n’ in equation 7 or 9. 
The probable importance of the sampling error (Fig. 1) is then immediately obvious. 


(b) Model methods 


Model methods can be used to deduce either the ionization distribution for im- 
portant parts of the reflecting strata or to represent ionization below the point of 
reflection. Since the variation of density near the maximum of a layer is often 
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parabolic the parabolic models developed by Booker and SgEaTon (1940) and 
APPLETON and BEYNON (1940 and 1947) are used widely to deduce the position 
of the maximum density in the ionized layers. Slabs of constant density are fre- 
quently valuable for representing the large group retardation sometimes present 
near the minimum frequency reflected in the upper layer and for upper limit 
calculation. Linear ionization gradients are also useful for application to h’f 
patterns obtained at low latitudes. Ratciirre (195la, b) has exploited model 
methods for finding the shape and ionization content of the F, layer. 
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Fig. 2. Errors in h,, and y,, due to incorrect critical frequency. APPLETON-BEYNON analysis. 





It is important to note that the deduction of layer shape and ionization content 
by model techniques is remarkably sensitive to very small errors in frequency 
measurement. We will illustrate this using a typical example analysed by the 
APPLETON-BEYNON technique, Fig. 2, but it should be noted that analogous 
errors may occur whenever the frequency variation along a record differs from its 
assumed law. The curve matching procedure, in which theoretical and observed 
h'f curves are compared directly with the aid of suitable transparencies, shares the 
errors almost equally between h,, and y,, and is less sensitive to small errors in the 
frequency variation than the example given. 

None of the models in common use provide exact determinations of upper or 
lower boundary curves but, provided they are used discreetly, they frequently 
enable approximate solutions to be obtained quickly. Thus if the distribution in 
the upper layer is approximately parabolic, standard parabolic methods can give 
a solution which is remarkably close to the true upper limit curve. The position 
of the lower limit curve can also be estimated by calculating one value of h, near 
fF. from equation (2) and then moving the parabola of best fit down in height 
till it goes through this point. When the model matches a limited part of the dis- 
tribution only these techniques can introduce large errors of either sign and the 
procedure in section 2 must be employed. 


4. Some EXAMPLES OF IONIZATION DISTRIBUTIONS 


We now illustrate these general remarks by examining a few ionization distri- 
butions using both model and integral methods. 
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(a) A simple maximum height model 

We assume an E£ and an F layer having parabolic distributions of density with 
height over those heights at which the ionization can be detected and no ionization 
at any other height. Using the typical values of the critical frequencies f)#, fyF, 
heights of maximum density h,,E, h,,F and apparent semithicknesses y,,H, y,,F 
given in Table 1 below, we deduce the h’f pattern and then use parabolic and in- 
tegral methods to deduce the apparent position of the ionization. These give the 
results shown in Fig. 3 and summarized in Table 1. 
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Fig. 3. A simple maximum height model. 


Table 1 








km 














Model | 3- 120 | 
Parabolic analysis | 3:5 | 120 | 
Integral analysis 3°! 120 | 
| 











Difference between curves: 
Just above f,E ¢ 70km; Just below fy¥ c 27 km 











Thus with f,F = 2f,H and a gap of 73 km between h,,# and the bottom of F 
we have a possible error of 27 km in deducing h,, near f,F. 

Applying these models to find the maximum usable frequency (M.U.F.) for 
4000 km we find that the possible range of error in M.U.F. is 8%, the parabola 
giving factors which could be too low, the integral method, factors which could 
be too high. While a complete analysis of the M.U.F. factors allowing for the 
ionization in the lower part of the layer would decrease this range. such analyses 
are impractical for our present purposes, all simple and rapid methods of M.U.F. 
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computation implying some simplification of the actual ionization distribution and 


thus introducing errors up to the limits indicated. 
Although the values of A,,F and h,,F are representative, it is impossible that 
this distribution could occur in practice and hence the actual range of error 


physically likely is appreciably smaller. 
If AhEF is the size of the gap and we are using a sampling technique with k 
of n frequencies reflected from the E layer the range in h,, F, Ah,, F, is 


k 
Ah, F = —(AhEF) (11) 

n 
In many practical cases we may estimate AAHF from the apparent constants of 


the parabolae of best fit giving: 


a 


h,,F = - (h,,F pe Ynl pe h,,E) 
with an accuracy of about 
l 
+—-Ah,F 
oodaen k m 
This rule must be used with caution when the F layer appears to be abnormally 


thick. 


(b) Model ‘‘a’”’ with a constant density slab between E and F 


Yr 
4 


dN 
Apart from a very small error due to th being finite at the bottom of F this is a 


maximum height distribution. It is also a minimum height distribution, i.e. the 
zone of error should be zero. This is found to be true when exact methods are used 
but the large group retardation near f = f, introduces serious errors in the approxi- 
mation solutions. Thus a parabolic solution neglecting ionization below F region, 
is 14km high and a smooth curve through ten-point KELSO or SIMPSON rule ap- 
proximation may be 20 km low. The group retardation found near f,# considerably 
exceeds that observed in practice. This suggests that the layers overlap to a much 
greater extent than in this model. 


(c) A three-layer model 
An h’f pattern closely similar to those found in temperate latitudes can be built 
up using a semiparabolic Z layer with f,H = 3-5 Mc/s, h,,# = 120 km and y,,E = 
20 km together with an F, layer represented by the lower part of the parabola 
with f,F, = 4-9 Me/s, h,,F, = 200 km, y,,F, = 100 km cut off at f = 4-87 Me/s, 
h = 188 km and f = 3-5 Mc/s, h = 130 km. The F, layer is the upper part of the 
parabola fF, = 7-0 Me/s, h,,F, = 260 km, y,,F, = 100 km truncated at h = 188 
km. This is an upper limit model with an EF gap of 10 km and no ionization 
between HE and F (Fig. 4). The group retardation just above f,# is slightly less 
than is found in practice—as would be expected—and this makes h’ F, rather low. 
Otherwise this pattern is fairly representative of those found in temperate latitudes. 
The variation of h’ with frequency above 6 Mc/s is indistinguishable from that 
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for model ‘“‘a”’ for which h,,F, was 280 km. Thus the F, region has caused the 
apparent value of h,,F, to be increased by about 20 km. Using BookER-SEATON 
methods the corresponding value is 288 km. The lower limit curve lies between 
about 5 km below the model near f,F, and 10 km below it just above f,H. The 
zone of possible error using popular techniques greatly exceeds the zone of equi- 
valent distributions. 





a MODEL HEIGHT 
6 INTEGRAL HEIGHT 
























































Mc/s ———> 
Fig. 4. An E£, F,, F, model. 


It is interesting to note that the minimum apparent height of F,, h’ F,;, is very 
sensitive to the presence of ionization between E and F. If the layers are joined by 
a slab of constant density with fy) = f)#—thus making the height curve deter- 
minate—the apparent values of h’ F, increase by 20 km, h,, F, by 10 km, and h,, F, 
by 5km. The h’f curve is now quite typical. For these conditions there is no zone 
of equivalent distributions but the errors due to the use of approximate methods 
are practically unaltered. 

The apparent value of h,,/, is about 8 km above the model value if the true 
critical frequency is used, y,,F, being almost correct. Using the apparent value 
which is 1% low decreases y,,F, by 15% and increases h,,F, by about 5%. In- 
creasing the overlap so that the apparent value of f,F, is 2% low introduces 
prohibitive errors in both determinations. The shape of the F,—F, discontinuity 
cannot be determined using sampling techniques with n = 10 and is difficult using 
MANNING’s method. 

Similar phenomena will also occur when dense Es forms low in the £ layer. 


(d) An almost linear F model 


It is instructive to examine a minimum height model in which the major part of the 
F layer is not parabolic. We assume a semi-parabolic EF layer, as in model ‘‘a’’, 
with an F layer having a linear ionization gradient from h,,E until it is tangential 
to a small parabolic nose at f, = 6-8 Mc/s, h, = 278 km. The nose is the top 
of the parabola, fyF = 7-0 Me/s, h,,F = 300 km, y,,F = 100km. The integral 
method and its approximations all give the model exactly, as would be expected. 
An APPLETON-BEYNON analysis gives h,,F = 400 km, y,,F = 85km. The range 
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Ah,, is 100 km, a fairly typical value for linear distributions. The h’f curve, 
Fig. 5, shows remarkably little group retardation near f,Z and the surprisingly 
high value of 170 km for h’F. The general form of the F curve is similar to an 
equatorial ‘“‘thick’’ layer trace suggesting that these layers are not necessarily high. 
The probable error in deducing h,, by parabolic methods may be as high as 30% in 
this case. It is remarkable that a linear layer, having a slope different to the 
slope—at corresponding frequencies—of a parabola fitted to the nose of a layer, 
may alter the apparent value of h,, to a comparable extent as the F, group retar- 
dation for storm conditions which greatly modifies the appearance of the h’f 
pattern! 
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Fig. 5. An almost linear F model (N =a + bh). 











(e) Sporadic E 

Totally reflecting sporadic E greatly increases the zone of indeterminancy for the 
F structure, the upper boundary curve being dependent on the minimum apparent 
height of the F reflection. Thus the maximum width is approximately equal to 
the minimum distance between the # and F traces. The lower boundary curve is 
greatly distorted and physically improbable. The analysis is formally similar to 
that of model ‘‘a’’ above and probable parameters can be estimated from this 
model substituting the actual HF minimum separation for the 73 km gap and 
changing all other height intervals proportionately. 
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Magnetic self-focussed solar ion streams as the cause of aurorae 


W. H. Bennett and E. O. Huisurt 
Naval Research Laboratory, Washington, D.C., U.S.A. 
(Received 7 June 1954) 
ABSTRACT 


The theory of magnetic self-focussed solar ion streams assumes that a jet of equal numbers of fast 
moving positive ions and negative electrons emerges from the sun. As the jet proceeds through the 
corona the fast electrons are scattered out more rapidly than the ions and are replaced continually by 
slow electrons. The excess of fast ions over fast electrons results in an electric current whose magnetic 
field repels the remaining fast electrons from the stream but exerts little magnetic force on the slow 
electrons. The excess positive charge electrically repels the slow positive ions, but exerts little magnetic 
force on them. Thus the stream continues to repel fast electrons and slow ions while retaining fast ions 
and slow electrons. At all times all parts of the stream and surrounding gas are closely (but not exactly) 
electrically neutral. For a proton stream which carries sufficient energy for an aurora the density of 
space ionization between the sun and the earth is calculated to be at least about 10-4 electron ion pairs 
cm~-* to support magnetic self-focussing. The speed of the auroral ions is estimated to be about 10?° 
cm/sec. The auroral display is supposed to be due both to energy transferred to the atmosphere from 
the ions on their way in and to atmospheric oxygen and nitrogen particles blown outward, and made 
luminous, as a result of the energy and charge of the ions dissipated in the upper atmosphere. 


Recently a new solar particle theory of the aurora was outlined (BENNETT and 
HvLBuRT, 1954) which owed its existence to two things, the one being recent 
experiments which gave for the first time direct evidence that high speed ions were 
present in the upper atmosphere in the region of aurorae, and the other being the 
introduction of a new idea into the theory, the idea of magnetic self-focussing of 
ion streams, which removed a number of the difficulties which have beset the 
older particles theories. It is the purpose here to discuss further details of the 
theory. 

The new experimental evidence was that of MEINEL (1951) and of VAN ALLEN 
et al. (1954). With spectrographs of great light gathering power MEINEL discovered 
that the H, line of hydrogen was present for 20 to 30 minutes in the pale greenish 
quiet arc which often occurs at the beginning of an auroral display. He observed 
a broadening but no Doppler shift in H, when observing toward the magnetic 
horizon, but when observing toward the magnetic zenith he observed a Doppler 
shift indicating that protons of speeds of at least 3-3 <x 108 cm/sec, and probably 
much greater, were entering the earth’s upper atmosphere. By means of cosmic 
ray equipment on high altitude rockets MEREDITH, VAN ALLEN, and GOTTLIEB 
discovered ionic particles having a penetrating power greater than that of 18 Mev 
protons, and less than 100 Mev protons at north magnetic latitudes 64° and 74°, 
which are near the zone of maximum auroral frequency, and did not observe such 
ionic particles at north magnetic latitudes 89° and 56° which are remote from the 
auroral zone. Bowen (1954) reported observations of solar flares with 1 to 7 metre 
waves which he interpreted as indicating that ions were leaving the sun at velocities 
one-fifth to one-tenth of the velocity of light. 

In the present theory it is assumed that the sun emits a conical jet of an elec- 
trically neutral mixture of electrons and positive ions, that the solar atmosphere 
is completely ionized and electrically neutral, and that the space between the sun 
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and the earth is filled with an ionized, electrically neutral gas. As the jet rises 
through the sun’s atmosphere the electrons are scattered out of the jet more 
rapidly than the ions are, due to collisions with the charged particles of the solar 
atmosphere. To calculate the filtering action of the solar atmosphere on the jet 
we use the scattering formulae of THomas (1928) for the deceleration of a charged 
particle of speed v and mass m in a completely ionized, electrically neutral gas of 
particles of mass m’ and particle density n cm-*. All particles are singly charged 
with the electronic charge e. v is assumed to be considerably greater than the 
speeds of the gas particles. 
Substituting Tuomas’ Eqs. (2-1) and (5-3) into (4:31) leads to 


dv/dt = 4re*An {log (2B/log B) — y — 1}/mv?, (1) 
where A = (m + m’')/mm’, 
B = 3v°/47e®A8n, 

and y = 0-5772 is EULER’s constant. 
Approximately, within 2 per cent error, (1) may be written 

dv/dt = (47e4An/mv?) log (2B/log B). 
The distance ds which the particle moves in time dt is ds = vdt or 

ds = vdv/(dv/dt). 


Let s be the range, i.e. the distance which the particle moves when decelerated 
from a speed v to 0. Let m and M be the mass of an electron and a proton, re- 
spectively. The range s, of an electron in a mixture of equal densities n of slow 
electrons and protons is 

m*v3dv/4e'n 


‘= |) ¥og @Bifog 8) + log OBylog B,) 


and the range s, of a proton in a similar mixture is 





mt [" Pio —___ Mv*dv/4re*n 
Jo (1/m) log (2B,/log B,) + (2/M) log (2.B;/log Bs)” 


= 3mv°/327e'n, 
= 3m3y8/47e®n, 
= 3M3v°/327e®n. 


Values of s, and s, were obtained from (4) and (5) by numerical integration 
and are given in cm in Tables la and Ib, respectively.* Since the distance from 
the sun to the earth is 1:49 x 101% cm it follows from Tables la and 1b that the 
average particle density of a proton electron gas between the sun and the earth 
must be less than about 10% and 10° for solar protons of speeds 108 and 101° cm/sec, 


* We are indebted to Dr. T. C. DoyLe and Mr. J. H. Hancock of the Mathematics Department fr 
these integrations. 
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respectively, to reach the earth, and less than about 10-? and 108 for solar electrons 
of speeds 108 and 10!° to reach the earth. 

In Table 2 are given average values (HAGEN, 1951) of the particle density NV 
in the solar atmosphere at an altitude h km above the photosphere and the total 
number N of particles in a 1 em? column above h. If the solar atmosphere (the 
corona) is composed mainly of protons and an equal number of electrons, it is 


Table la. Range s, of electrons of speed v in electron-proton gas of density n 





T 


108 1012 1018 





v 
108 cm/sec 4 6-0 x 107! 2-2 x 10-& cm 
109 3-4 x 108 6-0 x 10-3 
1910 2-4 x 107 3-4 x 10! 

















Table 1b. Range s, of protons of speed v in electron-proton gas of density n 





106 1012 1018 





Vv 
108 cm/sec 1:3 x 1045 1-8 x 109 9-0 x 10cm 
10° . 9-6 x 1018 1-3 x 108 3-0 x 101 
1010 7-9 x 1022 9-6 «x 1016 1:8 x 10° 














seen that electrons of speeds up to 10!° cm/sec emerging from the photosphere 
will be stopped in the corona, and that photospheric protons must have velocities 
greater than 5 x 10° cm/sec in order to get through the solar atmosphere. These 
conclusions will be modified if the density in the initial front of the jet is so great 
as to make a range calculation inapplicable, or if there are other complications as 


Table 2. Average values of N and N in the solar atmosphere 





Altitude h above 
photosphere 





0km 
2000 
7000 
15000 
100000 
400000 
1000000 
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chromospheric magnetic fields or wide deviations of solar atmospheric densities 
from average values. 

The features of magnetically self-focussing ion streams have been studied in 
the laboratory (WARE, 1951; Cousins and WaRgE, 1951) and the theory has been 
worked out in some detail (BENNETT, 1934); we describe here only the essential 
physics of the mechanism. As has just been explained the solar atmosphere 
scatters out the electrons from the jet more rapidly than the ions, producing an 
excess of positive ions in the jet. Two actions then set in. The first action arises 
from the fact that the fast moving positive ions of the jet constitute an electric 
current which has a magnetic field, the magnetic lines of force being circles around 
the axis of the current. Fast moving positive ions are constrained by the magnetic 
field to swing in and move in oscillatory paths along the axis; fast moving negative 
ions and electrons are magnetically repelled and thrown away from the current 
axis. Thus the positive stream keeps its positive charges together by its own 
magnetic attraction; it is said to be ‘“‘magnetically self-focussed.’”’ The second 
action is electrostatic. The excess positive charge of the current attracts electrons 
from the ionized gas through which the jet is moving; this counteracts the tendency 
of the positive ions to disperse each other by electrostatic repulsion. The two 
processes go on simultaneously and continually, and the fast stream of positive 
ions progresses in a straight line through space without expanding. At all times 
all parts of the stream and of the surrounding gas are closely (but not exactly) 
electrostatically neutral, and the stream progresses as an electric current in a 
straight line until it comes into the influence of the magnetic field of the earth. 

It has been shown (BENNETT, 1934) that the condition for magnetic self- 
focussing is that the total electric current 7 in the stream of fast particles must be 
greater than 

+ = c*mv,*/ev, (6) 
where v is the velocity of the particles along the axis of the stream and », is the 
root mean square velocity transverse to the axis. m and e (e.s.u.) are the respective 
mass and charge of the particle and c is the velocity of light. (6) merely expresses 
the condition that the magnetic field of the current 7 is sufficiently great to divert 
into the stream particles of velocity v which diverge in a cone of half angle «. 
Neglecting the effect of temperature 


v, = V 2v tan a, 


and 
1 = 2c?(m/e)v tan? «. (7) 


In Table 3 are given values of « calculated from (7) for various values of 7 for 
protons. The Table brings out the fact that the cone angle of a jet which becomes 
magnetically focussed is small and increases with the current in the jet and de- 
creases with the proton speed. 

In order for a magnetically self-focussed positive ion stream to propagate 
itself through space it must be able to acquire slow electrons from the inter- 
planetary gas in approximately the same density as the density of the fast protons 
in the stream. The density is estimated by assuming that a portion of the energy 
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of the stream appears as auroral light. The typical brightness of a quiet auroral 
are during August 1949, was observed to be about 3 x 10-® lambert, equivalent 
to an emission of order 1 erg cm~* sec-!; auroral rays and bright patches of a 
display were much more intense than the quiet arc. During an active display of 
August 3, 4, the illumination on a horizontal surface was 1-7 x 10-3 foot candles. 
equivalent to about 10-1 erg em-* sec-!; much higher values occasionally occurred 


Table 3. Half angle « of cone, minutes of arc 





i= 10amp 1000 amp 100000 amp 





v 
108 cm/sec 
109 

101° 











in other displays (CURRIE, 1950). For the purpose of calculation we assume that an 
auroral display emits an energy of illumination of 1 erg cm~?sec~ over a circular area 
100 km in diameter, and that the energy is supplied by | per cent of the kinetic energy 
of the proton stream. Then the number of protons cm~* and the total current in the 
stream is given in Table 4 for various proton speeds. The particle densities of 
column 2, Table 4, are those necessary in the space between the sun and the earth 


Table 4. Density and current of proton stream 
velocity protons current 
cm sec} amperes 


108 150000 
109 “Ts 1500 


1919 A , 15 


in order that the stream progress with magnetic self-focussing. The densities are 
perhaps an over-estimate because the diameter of the proton stream is probably 
greater in space than it is at the earth because of the focussing action of the earth's 
magnetic field. It is hardly necessary to point out that although most of the 
present calculations are based on protons, mainly because these were observed. the 
theory is not limited to protons but would apply as well to other types of ions if 
these were observed. 

If the space between the earth and the sun were a perfect vacuum the solar jet 
could not progress as a magnetically self-focussed stream. It would immediately 
disperse because of the electrostatic repulsive forces of its like charged ions, or if 
the ions picked up neutralizing electrons from the solar atmosphere the stream 
would progress as an electrostatically neutral ionized cloud in the manner con- 
templated in the magnetic storm theory of CHAPMAN and FERRARO (1941). If on 
the other hand the particle densities of space were those of Table 4, or greater. 
the neutral ionized cloud theory is untenable because magnetic self-focussing sets in. 
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The system comprised of the sun, the earth. and the intervening space is a stable 
electrical system. The loss of positive charge from the sun in the fast auroral ion 
stream is compensated by a slow drift of positive space ionization to the sun and 
by a slow drift of negative ionization from the sun to space, so that the sun as a 
whole remains electrically neutral. Likewise the earth, although it receives a 
positive charge from the stream, remains electrically neutral because of the charge 
compensation it receives from the space ionization. In the present state of develop- 
ment of the theory and observation it is difficult to estimate the diameter of the 
solar ion stream in space. Nor is the relation clearly known between the diameter 
of the stream and the geographical extent of the aurora and the duration of the 
display. 

Although the speed with which the solar protons approach the earth can not be 
determined with certainty from available experimental evidence, a speed of 10° 
or 10!° cm/sec seems indicated. The maximum value which MEINEL (1951) deter- 
mined from the Doppler spread of H, in the quiet arc was 3-3 x 108 cm/sec, but 
he pointed out that the speed outside the earth’s atmosphere must be much greater. 
and that the value 3-3 x 108 was merely the value to which the protons had been 
slowed down in the atmosphere before they picked up electrons and got into the 
excited state necessary for the emission of H,. The quiet greenish white auroral 
arc, which often is the precursor of auroral displays of rays and of moving and 
coloured forms, appears at altitudes of about 80 to 140 km. If it is assumed that 
the lower boundary of the arc at 80 km marks the end of the range of the incoming 
protons one encounters a difficulty. The vertical thickness of the air above 80 km 
is 10cm at NTP (Havens et al., 1953), and to penetrate this thickness a proton 
speed of 2-2 x 10% cm/sec is required. However, the calculations of STORMER 
(1917) have shown that a proton must approach the earth with a speed of 10!° 
cm/sec in order to reach the zone of maximum auroral frequency at magnetic 
latitude 65° to 70°; with such speeds the proton range in air is 25 metres, and the 
protons would plunge down to an altitude of about 40 km before being stopped. 
This difficulty is of long standing; several suggestions may be made towards its 
explanation. In the first place the lower boundary of the quiet are may not be 
related directly to the range of the incoming protons, but may be controlled by 
atmospheric processes of light emission and densities of excited atoms. This seems 
reasonable, for the lower boundary always appears to be at about 80 km at all 
latitudes and longitudes where its height has been measured. Secondly. one may 
point out that the St6RM=R calculation refers to a single charged particle. and 
that an electric current has greater magnetic stiffness than the particles of which 
it is composed; however, the exact calculation of the bending of a current of 
particles by the earth’s magnetic field is difficult and has not been done. Thirdly 
one may suppose that some of the incoming auroral particles are not protons but 
are heavier ions. These, because of their greater magnetic stiffness, might enter 
lower magnetic latitudes without plunging too deeply into the atmosphere. But 
this idea can not be examined critically because the ranges of high speed ions in 
air are not completely known; and experimental search by means of rockets for 
such ions in low latitude auroral displays might yield valuable results. 

Fourthly, the earth is a rotating magnet, and due to the effect of unipolar 
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induction. from the point of view of an observer at rest outside of the earth there 
is an electric field directed from each pole of the earth to the equator. This field 
will cause positive ions shot from the sun to reach lower latitudes than those given 
by a STORMER calculation. The magnitude of the effect depends upon the mass 
and velocity of the ion, and a rough estimate indicates that the effect may be 
appreciable. Complete calculations should be made but these may be difficult. 
Finally. one may invent equatorial ring currents, as was done by STORMER, which 
modify the terrestrial magnetic field and permit auroral particles to enter lower 
latitudes; this seems speculative. 

It is known that magnetic storms may be associated with visible solar flares, 
and it seems fairly certain that a radiation from the flare travels to the earth and 
causes the magnetic storm. From a list of 55 cases of intense solar flares the 
average time interval from the appearance of the flare to the beginning of the 
magnetic storm was about 22 + 4 hours for the very great storms and 30 + 15 
hours for all storms (NEWTON and Jackson, 1951). 20 and 30 hours correspond to 
speeds of 2 » 108 and 1:3 x 108 cm/sec, respectively. of the radiation. The 
temporal relations between magnetic storms and aurorae are confused. HULBURT 
(1929) and Davies (1931) concluded that auroral displays occurred about a day 
after the commencement of world-wide magnetic storms. This would put them 
about two days after a solar flare, which would indicate a speed of about 108 cm/sec 
for the flare radiation to travel to the earth. Such a low velocity is probably in- 
admissible. and one may conclude that the observed visible inceptions of flare and 
aurora are indirectly related. VEGARD (1916) compared auroral observations at 
Bossekop. Norway. with simultaneous magnetic records from the same locality 
and found that the hourly interval of strongest aurorae usually coincided with an 
interval of high magnetic activity, but he also found cases where strong aurorae 
appeared fairly near the zenith without marked magnetic effect. 

No detailed explanation has yet been worked out of the manner in which the 
energy of the incoming solar protons is converted into aurora light. Protons of 
speeds even as great as 10!° cm/sec follow the lines of the earth’s magnetic field in 
rather tight spirals, the radii of the spiral being about 20 and 30 km at altitudes 
100 and 1000 km, respectively. It is possible that some of the energy of the pro- 
tons on their way in through the atmosphere is transferred to the atmospheric 
gases causing oxygen and nitrogen emissions. It is also possible that when the 
protons are finally stopped in the upper atmosphere, due to their charges and 
absorbed energy, oxygen and nitrogen particles are ejected outward to great 
heights and. upon becoming luminous, give rise to the rays and moving clouds of 
an aurora display. But the details of the luminous processes are complicated and 
more experiments are needed before they are understood. For example, BRaANs- 
COMB. SHALEK, and BONNER (1954) concluded from their experiments with 100 kv 
protons and hydrogen atoms projected into air at a few mm pressure that it was 
quite likely that more than one mechanism was responsible for auroral excitation 
of nitrogen bands and that the balance between the mechanisms varied with time 
and location. A theoretical study of excitation processes of permitted and forbidden 
atomic lines in aurorae is being undertaken by SEATON (1954) which should lead 
to valuable conclusions about this part of auroral theory. 
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ABSTRACT 
An account is given of experience gained in the high altitude flying of extensible balloons, and a theory 
is derived, based on the elementary gas laws, which agrees well with this. Both theory and practice 
show that it is very difficult to decide how much free lift to give to closed extensible balloons at launching 
in order to achieve level flight at a predetermined height. This difficulty may be overcome by using a 
valve which opens the balloon when it reaches the desired altitude, and the reliability of the balloon 


then becomes the chief consideration. 
Laboratory experiments were also carried out to provide quantitative information about the 


properties of various balloon fabrics. 


INTRODUCTION 


In the study of the cosmic radiation it has become increasingly important to 
expose nuclear-research emulsion and other apparatus at very high altitudes in 
the atmosphere. 

As nuclear-research emulsions are continuously recording, an ideal flight is 
one in which the balloon rises rapidly to the ceiling altitude and remains there 
floating for several hours. A release mechanism is used to jettison the equipment 
after a suitable time. Prolonged flights of this type have been obtained in the 


United States, Great Britain, and Sweden by the use of very large open-necked 
constant-volume plastic balloons. Flights lasting six to eight hours at altitudes 
around 90,000 feet are common with this technique. However, the ceiling altitudes 
depend upon the size of the balloons, and to obtain level flights at over 100,000 
feet the balloons used would have to be extremely large and expensive. In addition, 
because of their great size, it is very difficult to launch these balloons unless the 
ground wind is very light. 

Because of this difficulty in launching open-necked plastic balloons, and 
because of their great expense, it was decided to concentrate on the cheaper closed 
extensible ones. These are made either of natural rubber (latex) or of artificial 
rubber (neoprene), and they are similar to those used for meteorological purposes, 
but larger. They are comparatively robust and can be launched in winds up to 
fifteen knots. Their unextended (flaccid) diameter is about twelve feet; they 
expand to 25-50 feet diameter before bursting. 

The balloons used were made from three different materials, supplied by three 
different companies, as follows: 

1. Latex 2kg and 4:25kg Guide Bridge Rubber Co. (‘Beritex’’) 

2-4 kg Dewey & Almy Chemical Co. (‘Darex’’) 

2. Neoprene 2-4 kg Dewey & Almy (‘‘Darex’’) 

3. Neoprene 4-5 kg Molded Latex Products Inc., U.S.A. 

(““Kaysam’’) 


1 Now at the Technion, Haifa. 
2 Now at the University of Sydney. 
3 Now at the University of Leeds. 
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Neoprene (Darex) requires to be heated before the balloon is inflated, neoprene 
(Kaysam) is postplasticized and does not have to be heated. 


THEORY 
(i) General 
Applying the gas laws it is easily shown that the relations between the pressure 
altitude and the other variables involved are 
py TL (p47; 
=( "n y + pura) |( a (1) 
g ¥ 
9,1 tL, 
T,V(p.4 — pu) 


P — Po 
where p = pressure altitude (g cm~?) 
= pressure at ground level (g em~?) 
- excess pressure caused by tension in balloon (g cm?) 
= absolute temperature of gas in balloon at altitude p 
= absolute temperature of gas in balloon at ground level 
= absolute temperature of the air at altitude p 
= volume of balloon at altitude p (em?) 
- lift of the gas in the balloon at altitude p (gram weight) 
- lift of the gas in the balloon at ground level (gram weight) 
py = density of balloon gas at p,. T, 
p, = density of air at p,, T, 

At ground level. the temperature of the gas is assumed to be equal to that of 
the surrounding air, and p, = 0. 

Some of the constants in relations (1) and (2) have to be determined experi- 
mentally, others have to be estimated from the scanty data available. The most 
recent measurements of the temperature of the upper atmosphere are those of 
the Rocket Panel (1952). For an altitude of 100,000 feet a.s.l. (10-5 g em~?). the 
temperature is about 230°K. The experiments described below show that the 
temperature inside the balloon is about 40° above ambient. due to the solar 
radiation. Accordingly. we have taken the following values for the constants: 


= 230°K Pp, = 1000 g cm~? 
= 270°K ps = 122 x 10* gem 
, = 250° Pu = 8-5 X 10-> g em-3 
The balloon is assumed to be filled with hydrogen. With these values we obtain. 
from (1) and (2). 


L 
= 6-96 x 1057 + 0-063p, 


) “% 
8:33 «x 10 V — PD, 
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Relation (3) is very insensitive to variations in 7’; and the term containing p, 
can usually be neglected. The opposite is true of relation (4) and this has important 
practical consequences. 

Suppose we require the balloon to float at pressure p, with a total load W. 
Equation (3) gives the volume of the balloon at ceiling. Provided this is safely 
less than the bursting value, equation (4) can now be used to determine L,, the 
lift at ground level. However, because of the uncertainties in 7', and p, it is 
difficult to be sure that the calculated value of L, will give the required floating 
altitude. 

Thus, a normal 2400 g neoprene balloon with a greatest ‘‘safe’’ volume of 
4-3 x 108 cm’ and carrying an external load of 2000 g would have, from equation 
(3), a maximum altitude at pressure p, = 7-1 gem~*. If we take p, = 0-3 g cm~?, 
equation (4) then indicates a ground lift of 3830 g. (Since this is less than the total 
load of 4400 g, a subsidiary balloon would be required to raise the assembly to 
somewhere near the ceiling altitude when it could be released.) But if 7'; were 
280°K instead of 270°K the balloon would rise to an altitude given by p, = 3-7 g 
cm~? where it would have a volume of 8-3 x 108 cm3—well above the safe value. 

We have made several flights using two closed balloons, one of which was to 
carry the load at constant level after the other had burst. Only one flight (No. 4, 
see Fig. 4 below) was moderately successful, but this was most likely due to 
chance. 

The probability of getting a level flight with closed balloons can be increased 
by using clusters of small balloons. It is intended that these should burst one 
after the other, thus decreasing the lift in small steps until it is nearly equal to 
the load (CLARKE and Korrr, 1941; CLarK, 1952; TayLor, 1953). This technique, 
however, appears to be unreliable and it does not give predictable results. 

Flights made at night differ from daytime ones because 7’; equals 7. Owing 
to the effect of the tension of the balloon fabric, the lift decreases continuously 
as the balloon rises. and L is related to L, by the relation 


| L, ( PP a 
aa — Pu 
Pa— Pn \P + Po 


The balloon will float when the lift equals the load, and for that case we may write 
approximately 





W= L,p|(p + Po) (6) 


Thus, in principle, a sustained night flight could be achieved with a single closed 
balloon if the ground lift were suitably chosen. It is found, however, that the rate 
of ascent would be very small. A successful flight with a variant of this method 
has been made by Professor VON FRIESEN (Lund, Sweden). 


(ii) The performance of balloons fitted with gas-release valves 


In view of the difficulties of closed-balloon techniques, the possibilities of balloons 
fitted with gas-release valves were explored. If a balloon is fitted with a valve 
which permits gas to escape when its size exceeds a predetermined safe value. the 
balloon will always attain equilibrium at the altitude corresponding to the safety 
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volume. Such a balloon behaves like an open-necked balloon at altitude, but at 
ground level it has the advantages of a closed balloon. 

The floating altitude of a valved balloon is determined by its size and the 
external load. Since, as we shall see later, p, is less than | g em~?, the effect of 
surface tension in determining the altitude can be neglected in practice and 
equation (3) may be replaced by 

p = 6-96 x 10° L/V (7) 


The greatest possible altitude is, of course, obtained when there is no external 
load and L is equal to the weight of the balloon. For a given type and thickness 
of fabric and a given “‘safe’’ extension ratio, the pressure at this altitude is inversely 
proportional to the unstretched diameter of the balloon. 

The maximum altitude is approached in practice by using more and more 
balloons for lifting a given external load, although it is always better to use a few 
large balloons than many small ones of the same fabric if they are available. 

The valve orifice must be large enough to permit the gas to flow at a rate that 
will stop the balloon from expanding once the safety volume has been reached. 
It can be shown that the area of the orifice, A, must satisfy the relation 


u Lp,T., 
—— ( PH L,V)* Paty Pp (8) 
(29p)* \pa — par pT (p + Pa) 

where wu is the rate of ascent at the moment at which the valve opens (cm sec~’), 


and g is introduced because the pressures are measured in g cm~? and not dynes 
cm. If we assume that p, = 0-2 gcem~*, u = 750 cm sec™!, L, = 6000 g, then 


relation (7) gives A > 25 cm?. Our valve, when fully open, has an area of 40 cm?, 
and it has proved satisfactory in use. 

A further danger lies in the possibility of overshoot due to the inertia of the 
balloon assembly. This causes the balloon to lose too much gas, and it will there- 
fore float at an altitude lower than p,. We have made an approximate calculation 
of this effect, and it shows that the floating altitude is reduced to p,’, where 


Py = Py p, =o (9) 
and where Ap is the overshoot in terms of pressure. 

It is clear that an overshoot comparable to the balloon-tension pressure 
would be serious. A calculation shows that with a typical single-balloon assembly 
it would be about 0-016 g cm~? and approximately independent of altitude. At a 
height of 100,000 feet this corresponds to an overshoot of 85 feet and a loss of 
altitude of 1800 feet. Overshoot will not, therefore, impair the performance of 
valved balloons seriously. 


LABORATORY EXPERIMENTS 
(i) Balloon materials 
We have frequently mentioned the excess pressure, p,, caused by the tension in 
the balloon fabric. This section is devoted to the experiments which were per- 
formed in the laboratory in order to determine the magnitude of this quantity and 
its variation with temperature and extension. 
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A sheet of the material to be investigated was clamped between two plates of 
brass, the upper one having a circular hole, about 30 cm in diameter. The material 
was inflated by air entering through a tube soldered into the lower plate, and 
expanded in the form of a bubble through the hole in the upper plate. The excess 
pressure inside the bubble and its radius of curvature were measured. The ten- 
sion, o, was then calculated for each value of the linear extension ratio, 2. The 
o, A relations for our three materials are shown in Fig. 1 for temperature of + 18°C 
and —18°C. It can be seen that the tension is sensitive to temperature. For 
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Fig. 1. Performance of Darex Latex (L), Darex Neoprene (DN), and Kaysam Neoprene (KN). 


extension ratios greater than those shown (i.e. 4 > 4) it rapidly increases with 
decreasing temperature. In our flights we have usually chosen the safety volume 
to correspond to 4 = 2-5; the values of p, for a 2400-gm balloon at this volume 
are given in Table 1. The radius of curvature, R, was chosen to be equal approxi- 
mately to that of a complete balloon at high altitude. 


Sapo) 


Table 1. Values of p, for balloon fabrics at 7 
and R = 470 em (g em-2) 





+18°C 





Latex 
Darex neoprene 
Kaysam neoprene 











The results obtained in the stratosphere chamber (see below) indicate that the 
mean temperature of the balloon fabric at about 100,000 feet is approximately 
—18°C, while at 120,000 feet it is about O0°C. For calculations the value 
p, = 0-2 g em~* has been chosen as representing a lower limit to the tension pressure. 
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(ii) Release mechanisms 

Initially balloons were released by cutting through the cord with a hot wire which 
was switched across a battery by a pre-set clock. However. the purely mechanical 
clockwork release. described by LEIDE and von FRIESEN (1953). has the advantage 
that it could suffer from no difficulties due to the freezing of batteries and tests 
showed it to be quite reliable when cleaned and lubricated carefully. The move- 
ments we used were taken from Smith ‘‘Victory” alarm clocks and were treated 


as follows: 

(a) Wash in CCl,. then degrease in CCl, vapour bath. 

(b) Immerse the whole movement in a 3° solution of silicone oil D.C.200,100c.s. 
in CCl, 

(c) Lubricate each bearing individually with a 20°, solution of D.C.200,100c.s. 
in CCI,. 


to achieve slight uniform oiling. 
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Fig. 2. The gas-release valve for balloons. 


(iii) Balloon valves 

The valve is designed to have an effective open area well in excess of the required 
25 cm? (see above). Its external diameter is 4 inches. and it is cemented into the 
neck of the Darex or Kaysam balloons instead of the normal filling tube. A 
diagram of the valve is shown in Fig. 2. It is made from dural and requires a 
force of about 340g wt. to open it. The stem is made long to allow the balloon 
to oscillate without straining it too much. 

The valve is controlled by a string stretched across the diameter of the balloon, 
attached on the top to a patch of cotton material. about S inches in diameter. 
cemented to the inside of the balloon. The cement we used was ™ Boscoprene 
2400/1 (manufactured by the B.B. Chemical Co.). 

A similar valve suitable for flights to altitudes around 90.000 feet a.s.l. has 
recently been described by Hoprer and WILSON (1953). 
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(iv) The stratosphere-chamber tests 

A balloon, when floating at high altitude during daytime is subjected to radiation 
intensities of about 20, 50, and 60 watts per square foot in the ultra-violet, visible, 
and infra-red regions respectively. Apart from heating the fabrics and the gas 
inside the balloon, there is reason to believe that the solar radiation affects the 
properties of the fabric. Accordingly, we carried out stratosphere-chamber tests 
which were directed towards finding the temperature of the gas and the per- 
formance of the fabrics under conditions closely approximating those of the upper 
atmosphere. 

The chamber was kindly placed at our disposal by the directors of Messrs. 
Vickers-Armstrongs Limited. It could be evacuated to a pressure of 70 g cm~?, 
and the temperature in it could be reduced to —60°C. The equipment to be tested 
was placed into the chamber at —60°C and remained there during evacuation. It 
was not possible to reproduce the conditions of a balloon flight where the tem- 
perature and pressure decrease simultaneously. 

To simulate the conditions of a daytime flight, two large ultra-violet discharge 
tubes and twelve infra-red lamps were disposed at distances such that the total 
radiation was equivalent to that due to the sun in the upper atmosphere. 

In all, twenty-four specimens of fabric were tested, four at a time, in the 
chamber. Each was inflated in the manner already described and its extension 
ratio determined from the height of the bubble. 

Table 2 shows the mean linear extension ratios at which various specimens 


burst. 
Table 2 





Bursting extension 





Material 
With radiation Without radiation 





Darex latex 4-7 5-6 
Darex neoprene 4-2 4-3 
Kaysam neoprene 5-6 — 











These values are in reasonable agreement with those found for sounding 
balloons (W.M.O., 1953; ScrasE, 1949) and are well in excess of the safety value 
chosen in our balloon flights. It would, therefore, be expected that balloons 
intended to float at this ‘‘safe’’ extension would not burst, yet in practice they 
often do so. This may be caused by local imperfections in the fabric (which would 
make the probability of premature bursting proportional to the surface area of the 
balloon), or by fatigue effects due to continued stretching. 

Another possible cause of failure is the change from turbulent to streamline 
flow of the air relative to the balloon. It has been noted that this occurs with 
sounding balloons (W.M.O., 1953) and with our balloons and rates of ascent 
(750-1250 ft min) would occur around 70,000 to 100,000 ft. This might well 
result in excessive stresses being imposed on the balloons. 

In the presence of radiation, all the latex specimens developed slow leaks, but 
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neoprene specimens did not leak noticeably before they burst. In the one experi- 
ment without radiation, the latex had a greatly improved performance; no leaks 
developed, and the bursting extension was higher than in the presence of radiation 
(see Table 2). 

At the lowest temperatures, the tension of the neoprene reached about ten 
times the room-temperature value. The tension of the natural latex showed no 
significant change. 

During all the tests with radiation, the temperature of the gas inside the 
bubbles was measured. Fig. 3 shows the results, plotted as function of the chamber 
pressure. It can be seen that at low pressures the temperature rises as the 
pressure drops, reaching —25°C at 70gcm-*. As the ambient temperature was 
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Fig. 3. Internal balloon temperature vs. stratosphere chamber pressure. 


—59°C throughout, the difference must be attributed to the radiation. Unfortu- 
nately, the chamber pressure could not be reduced below 70 g cm~?, but extra- 
polation of the curve in Fig. 3 suggests that the gas temperature at zero pressure 
would be about 40° above ambient. If this is correct, then it is reasonable to 
assume that the temperature of the balloon fabric will be about 20° above ambient. 


BALLOON FLIGHTS 


In all twenty-one balloon flights were launched by the Imperial College group, 
from February 1951 until May 1953, mostly from the meteorological station at 
Larkhill, but also from the stations at Fazackerly and Hemsby. Upper wind 
forecasting was sufficiently good and radar tracking accurate enough to enable us 
to recover the apparatus from all except one flight, often on the same day as the 
flight. Because of the distances involved, it was found useful to attach two radar 
reflectors (type Umbrawind Mk. 3) to the balloon assembly instead of the usual 
one. 

The altitudes of the balloons were given by the radar readings; they were 
translated into pressure measurements by means of tables (MonTGOMERY, 1949). 
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For the first ten flights pressures were also transmitted to the launching station 
by means of a radio-sonde. Since these agreed excellently with those obtained 
from the radar readings, the use of the radio-sonde was discontinued in order to 
save weight. 

For the first nine flights two closed balloons were sent up, attached to each 
other, with an electrical switch designed to cut away whichever balloon burst 
first. The results are given in Fig. 4. Flight 2 is not recorded as a squall tore both 
balloons away from the rest of the equipment at 3000 feet. 





FLIGHT No. eae | 8 | 9 
LATEX (KG) |4-25| 2-0 
| 


DAREXNEOPRENE(KG) | | 
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Fig. 4. Flights with closed balloons. 


For flight 4 one latex and one neoprene balloon were used and for the remainder two of the same 

type. The material and weight of the balloons are given in the accompanying table. The numbered 

circle gives the maximum altitude reached and the horizontal line the altitude and duration of 
level flight. 


In several cases the two balloons burst simultaneously or within a few minutes 
of each other. Only in flight 4, when two different balloons were used, did the 
technique succeed in giving level flight. In flight 7 the first balloon burst at 
86,000 feet and the second 20 minutes later when it had been floating at 95,000 
feet for a few minutes. Flight 9 is notable because the balloons rose to 124,000 
feet, possibly an altitude record for balloon flights in this country. 

The remaining flights were all made using balloons fitted with valves. The 
results are summarized in Fig. 5. Flight 15 is not given as the balloon was lost by 


the radar at 10,000 feet. 
It can be seen that in those cases where level flight was achieved, the overshoot 
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was small and the floating altitude close to the theoretical value, which was 
calculated from the external load and the length of the valve string, using equation 
(7). In flight 19 one balloon burst at 62,000 feet. The predicted floating altitude 
for the remaining balloon was then 89,000 feet which is very close to that observed. 

In all the flights, except in two cases when valved balloons were used, the 
flights terminated through a balloon bursting or developing a leak. 

In the first fifteen flights, electrical release mechanisms were used but, because 
of doubts about their reliability, they were later replaced by mechanical ones of 


the von Friesen type. 





FLIGHT No. 

DAREX NEOPRENE (KG) 
KAYSAM NEOPRENE (KG) 
‘SAFE’ EXTENSION RATIOA | 2-0 | 2°5 | 2-25) 2-5 
































2:5 | 2-5 























—— REPRESENTS 1O MINUTES OF LEVEL FLIGHT 





9 





ALTITUDE (g cm-2) 


=~ 
~ 

v 
' 
x< 
ed 
a) 
— 
om 
roa 
od 
<= 








! | | 
2 3 4 
EXTERNAL LOAD PER BALLOON (kg) 





Fig. 5. Flights with valved balloons. 


One balloon was used for each flight except numbers 11 and 19 when three and two of the same 

type were used respectively. The material and weight of the balloons and the allowed extension 

ratio are given in the accompanying table. The numbered circle gives the maximum altitude 

reached. Where level flight was achieved, its altitude and duration are given by a horizontal line 

and the predicted floating altitude by a cross. Flights terminated by a release mechanism are 
marked R. 


DiscussION AND CONCLUSIONS 
The work described here has confirmed that it is possible to obtain level flights 
at predetermined altitudes with extensible balloons. The theoretical relations 
which we have derived agree very well with the experimental results, and we are 
satisfied that they describe the experimental situation with sufficient accuracy. 
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We have shown that a single large extensible balloon can take a payload of 
about 3000 g to 90,000-100,000 feet for a level flight, and it follows that it should 
be possible to take similar loads to altitudes around 120,000 feet with clusters of 
two or three valved balloons. The maximum altitude accessible to the large 
plastic constant-volume ‘“Skyhook”’ balloons is only about 105,000 feet. 

An additional advantage of the extensible balloons is that they can be launched 
easily, and that the whole of the equipment can be loaded onto a small truck. 
It is thus possible to launch these balloons from practically any accessible site. 

Against those advantages must be placed the fact that the materials available 
for the balloons are not wholly reliable. By day, in the presence of radiation, 
latex appears to crack and develop small leaks so that sustained level flights with 
latex balloons are improbable, although a high ceiling may be obtained. Neoprene 
does not leak in this way. However, the measurements indicate that latex retains 
its elasticity at low temperatures to a greater degree than neoprene so that the 
former may be the better material for night flights. 

For both types of material the balloons often burst prematurely. Whether 
this is due to thin spots occurring during the making of the balloon, or to a 
weakening of the materials when stretched for long periods in the presence of 
radiation, or to excessive strains encountered while the balloon is ascending at 
high altitude, we cannot yet say. 
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ABSTRACT 

The paper gives a general survey of the problem of atmospheric noise measurement and establishes, by a 
subjective method, a criterion for assessing the annoyance value of the noise to broadcast reception. 
There follows the development of an objective method of measurement and a comparison is made between 
these measurements and the subjective observations, etc. 

Ten impulses per minute are estimated to have an annoyance value to the listener of broadcast 
programmes. Noise is classified into three types: (a) type A noise giving the impression of continuous 
noise, (b) type B noise coming as distinct impulses, and (c) type C noise, a special form of type B noise 
arising from local thunderstorms. The importance of bringing statistical considerations into the field 
of assessment of atmospheric noise interference is discussed and a procedure for the collection of data 
and its assessment for obtaining monthly values for a specific service, broadcasting, is described. 


INTRODUCTION 


Broadcasting, both standard and secondary, has to be planned in countries like 
India to serve large areas with very limited resources. The magnitude of atmo- 
spheric noise is high and it becomes necessary to develop as good a method as 
possible for the assessment of atmospheric noise interference to broadcasting. 
With this idea in view, extensive preliminary investigations were carried out for 
long periods spread over several years by listening to noise only and to noise in 


the presence of programmes over the whole frequency spectrum of interest to 
broadcasting, viz. 150 Ke/s to 22-0 Mc/s. These investigations were of a quali- 
tative character. Broadcast receivers, communication receivers with and without 
AVC, receivers fitted with meters etc. were used. As a result of such investigations, 
certain conclusions were reached and it was felt that a fresh approach to the 
problem was necessary. 

The paper gives a general survey of the problem of atmospheric noise measure- 
ment, and establishes, by a subjective method, a criterion for assessing the annoy- 
ance value of the noise to broadcast reception. The development of an objective 
method of measurement is described and a comparison is made between measure- 
ments by this method and the subjective observations, etc. 


2. STATISTICAL NATURE OF ATMOSPHERIC NOISE 


The nature of atmospherics and their associated fields have been extensively 
investigated by APPLETON, CHAPMAN, WaTSON-WatTT, SCHONLAND, and their 
collaborators and by LuTkinx, ALLBRIGHT, MCEACHRON, NORINDER, and others. 
The results of these classical investigations have been summarized (BRUCE and 
GoLpDE: THomas and Burcess). Briefly, the conclusions are as follows. An 
atmospheric, received on a receiving aerial, may be due to a single elementary 
disturbance or an aggregate of elementary disturbances. The time duration of 
impulses due to atmospherics varies from impulse to impulse in some statistical 
manner. For multiple flashes, the median value of the duration of an impulse is 
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about 0-25 sec. The number of flashes lasting more than one second is negligible 
and the number lasting less than 0-1 sec is less than 30 per cent of the total number. 
The magnitude of an impulse varies from impulse to impulse. The number of 
impulses received per minute may vary from minute to minute. These facts 
indicate very clearly that atmospheric noise is a statistical phenomenon. There- 
fore, any satisfactory system of measurement must involve (a) the development 
of measuring technique, (b) a procedure for the collection of data, and (c) a method 
for the assessment of data. All the three aspects are equally important and related 
to each other and to the purpose for which the assessment is made. 

It may be that the behaviour of these impulses as heard through the loud- 
speaker of a receiver shows departures from the results of investigations on the 
nature of atmospherics for a variety of reasons such as the effect of receiver 
circuits, the actual aural sensation due to the sound produced, etc. It is necessary, 
therefore, to obtain experimental results on the time duration ete. of an atmo- 
spheric impulse, as actually heard by the ear, and compare them with the results 
of experiments on the nature of atmospherics. Such experiments cannot be very 
refined or satisfactory, but so long as they represent the most realistic and realizable 
approach to the question they must be undertaken. If the results of such experi- 
ments are statistically assessed, slight inaccuracies of the measurements by indi- 
vidual observers disappear in the final computation. Subjective acoustical 
experiments of the type referred become necessary for assessments involving the 
annoyance of noise to listening with the ear. 


3. PRACTICAL CONSIDERATIONS 


Noise data are required for the communication services and measurements of 
noise interference in engineering terms are desirable. The method of measurement, 
the equipment and its calibration must follow a standardized character so that 
similar measurements can be carried out by others elsewhere without any ambi- 
guity on the extent to which the set up and calibration are identical. For service 
purposes, it is not desirable to present data in the form of a set of curves or elaborate 
tables. It would be most useful to give monthly or seasonal averages for specific 
periods of the day. These considerations must also be given their due weightage 
in the design of experiments, assessment of data, etc. 

Experimental investigations cannot possibly be carried out at a very large 
number of places. Ifthe data collected at a few places leads to a suitable theoretical 
picture, it becomes possible to estimate noise levels. Therefore, the data obtained 
must be quantitatively explained on the basis of known thunderstorm activity and 
the laws of propagation. This may require the reduction of the actual source to an 
equivalent idealized source and other assumptions. So long as they are not in- 
consistent with known facts, they should be considered justifiable. It is always the 
discrepancy between theory and experiment that ultimately leads to a correct 
understanding of the problem. 

Noise measurements must always be related to standards necessary for satis- 
factory service. This involves continuous measurements of noise and field strengths 
of desired signals, and listening. These are tedious experiments but, unless they 
are undertaken, satisfactory standards evolved under natural conditions become 


231 





S. V. CHANDRASHEKHAR AIYA 


impossible and the actual noise measurement unrelated to satisfactory signal 
standards reduces itself to work of academic interest. 

All the facts discussed so far do not become equally important in the study of 
atmospheric noise at all places. In regions far removed from the equator, atmo- 
spheric noise mostly exhibits itself in a form similar to continuous noise most of the 
time and problems of investigation become comparatively simpler. The com- 
plexities of the problem increase enormously in countries like India and. even in 
India, the problem does not present a uniform set of difficulties all over the land. 
In fact, it is fair to state that the suitability or otherwise of a complete system for 
the assessment of atmospheric noise interference can only be tested in tropical 
countries like India. Most of the methods for the measurement of atmospheric 
noise, however, have been developed on the basis of experiments in northern 
latitudes and used at other latitudes also. 


4. Existinc MreTHODS 


Several methods have been used to measure atmospheric noise during the last 
thirty years. (ESPENSCHIELD : THOMAS : THORN, NEwsy, and LOVELESS : BEER, 
Bray, and Lowry : BEER, SWINDLEHURST, and Bray : AGGERS. FosTER, and 
Youna : Frus : Gerson : REICHE : YABSLEY.) They are generally classified into 


two broad types:— 
(a) Subjective Methods 


(6) Objective Methods 


Extensive measurements have been taken by a subjective method described by 
Tuomas. It really measures the minimum field intensity required for a predeter- 
mined degree of intelligibility for C.W. transmission. The actual noise intensity 
has to be indirectly evaluated. This can be attempted for continuous type of 
noise approximately. If such attempts are made when impulses are being received 
at an audible rate, the indirect result obtained for actual noise has really no signi- 
ficance and cannot be considered even approximately correct. The measurement 
has no real subjective significance for fading signals. Even for steady signals. the 
method is not as subjective as it is considered to be. During a certain period, say 
one hour, one measurement is taken. Such a step assumes that, during this whole 
hour. the duration and value of all the impulses and the number of impulses per 
minute are all constant. Such an assumption has no support from the experi- 
mental results, which clearly show that atmospheric noise is a statistical pheno- 
menon. In fact, the subjective method is subjective only for the few moments of 
observation even for steady signals! When a high degree of accuracy is not 
necessary for the assessment of noise, the results obtained by the method may be 
useful at high latitudes where atmospheric noise appears in a manner similar to 
continuous noise. 

There are, of course, other handicaps. The measurement is dependent on the 
subjective observation of the experimenter. It is not possible to take the large 
number of observations that statistical considerations demand. 

In the objective methods, the time constants of the measuring system are 
adjusted to give readings which correspond as elosely as possible to the annoyance 


232 





Measurement of atmospheric noise interference to broadcasting 


value of noise. The performance of some of these noise meters has been investi- 
gated. (Burritt: DINGER and Parnes.) The criteria adopted for relating the 
time constants of the measuring system to the annoyance value, the method of 
calibration, and the carrying out of subsidiary experiments to relate these noise 
measurements to standards of satisfactory signals are important and the necessary 
attention to all these factors has not been given. The measuring system should 
come after the detector of the receiver to take account of the detector action on 
the wave form and to evaluate the audio output with which one is primarily 
concerned. 

Apart from the general considerations mentioned, it appears that, in noise 
measurements, the necessary importance has not so far been attached to the fact 
that the duration, magnitude, and number per minute of the atmospheric noise 
impulses vary in a statistical manner. This fact requires the development of 
criteria not only for the measurement but also for the collection and assessment 
of data. On this hangs the real importance of noise measurements. 


5. PRELIMINARY SUBJECTIVE INVESTIGATIONS 


For a rational assessment of impulsive noise which shows statistical variations, 
it is necessary to consider the magnitude and duration of the impulses and the num- 
ber of impulses per minute. Information on these aspects is available from the 
results of the study of lightning discharges. But, as stated earlier, the nature of 
the impulses may be changed by the receiver and the impulse as actually heard 
by the ear may be different from the impulse as recorded electrically. It is neces- 
sary, therefore, to carry out subjective experiments, see if they are consistent 
with the results of experiments on lightning discharges, and then to utilize the 
data for evolving criteria, etc. 

Atmospheric noise was listened to for long periods spread over many years. 
It was found that the number of impulses received can vary from one or two per 
minute to such a number that one gets the impression of continuous noise. The 
magnitude of the impulse was not constant so long as impulses could be distin- 
guished from each other. Nothing can be gained by listening when the number of 
impulses becomes too large to allow individual impulses to be distinguished by ear. 
The duration of the impulse varied from impulse to impulse. All these facts are 
well known but do require a restatement for the formulation of criteria. It is 
necessary to point out that the ear is not able to make out whether the impulse 
is due to a single elementary disturbance or an aggregate of elementary distur- 
bances; but it can only feel the duration of the impulses. 


6. DURATION OF IMPULSES 


To investigate the statistical variation of the duration of the impulses as heard, 
the following experiment was carried out. A number of persons were trained to 
use precision stop watches which had separate arrangements for starting and 
stopping them. By using these stop watches it was possible to say whether an 
impulse as heard lasted less than 0-1 sec, or whether it lasted between 0-1 and 0-2 
sec, and so on, i.e. it was possible to sort the impulses and state in which group 
they could be classified. A receiver, adjusted to the conditions under which noise 
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was to be measured, was tuned to receive noise which could be heard as distinct 
impulses. Different observers heard and recorded the duration of the impulses. 
i.e. when they heard an impulse and found by their stop watch measurement that 
it lasted between say 0-2 and 0-3 sec, it was allotted to an appropriate group. 
Thousands of observations were taken in this way and all the results were collated. 
A cumulative curve was drawn to obtain the median value of the duration of an 


impulse. This is shown in Fig. 1. 
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It is clear from the figure that the median value of the duration of an impulse 
is 0-18 sec. 97 per cent of the impulses as heard through the loudspeaker lasted 
less than 0-5 sec. The duration of the effect on the ear was more than 0-1 sec for 
83 per cent of the impulses. 

The ear has a tendency of not responding as well as instruments to extremely 
sharp impulses. Further, when there is a long drawn out impulse, its effect on the 
ear may not last as long as when electrically recorded. Taking these two facts 
into account, there is nothing inconsistent with the results of experiments on the 
lightning discharges, and their associated fields in conclusion of these listening 
experiments. It is useful to point out that the wide variety of impulses like those 
due to local sources, near sources, etc., cannot be obtained even in Poona at any 
time. Opportunities are afforded only during some periods of the monsoon season. 

Utilizing the results of these experiments, it will be assumed for the rest of 
the paper that (a) the median value of the duration of an impulse as heard is 0-2 sec, 
(b) over 80 per cent of the impulses as heard last more than 0-1 sec, and (c) the 
number of impulses lasting more than 0-5 sec is negligible. The minimum number 
of impulses that has an annoyance value depends on the duration of the impulses, 
and the results of subjective experiments on this question can be examined on the 


basis of these results. 
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7. ASSESSMENT OF ANNOYANCE 


The number of impulses per minute that has an annoyance value was investigated 
as follows. When a large number of impulses due to atmospherics was being 
received, a receiver was tuned to different stations coming through with varying 
strengths and a number of listeners made to listen to the programme. A few 
could notice the presence of five impulses per minute. There were a few who could 
only notice the presence of fifteen or more impulses per minute, but the majority 
could notice the presence of ten impulses per minute. In these investigations the 
programme tuned was speech, as the effect of noise is most pronounced on speech. 
These results can be understood. An average Indian speaks 90 to 100 words per 
minute. This is a little higher than the value for some Europeans but it is better 
to take the higher value. Allowing for the time interval between words, the 
average time per word can be taken as 0-5 sec. An atmospheric impulse lasting 
0-2 sec (median value) coming at any part of the word is adequate to destroy its 
clarity. Ten such impulses per minute would affect 10 per cent of the words and 
this appears to be large enough to be noticed. In actual practice, the audio fre- 
quency wave form of noise is superposed on the wave form of speech and is equi- 
valent to distortion. Further, ten impulses lasting 0-2 sec each means the super- 
position of the noise wave form for 2 secs in a total period of 60 secs, i.e. 3 per cent 
of the time. 

This criterion of ten impulses per minute, as the minimum number of impulses 
per minute for causing annoyance, is evolved by taking into account the statistical 
variation of the duration of impulses and is the criterion which includes the duration 
and number per minute aspects of impulsive noise. It becomes unnecessary when 
the number of impulses per minute becomes very large and this happens, among 
other cases, for noise due to distant sources only. However, such particular cases 
cannot justify the elimination of the criterion for the general case. The criterion 
becomes extremely important in assessing impulsive noise, especially in countries 
like India. Occasions arise when only a few impulses of large magnitude are 
received. In such cases, it becomes absolutely necessary to have a basis for de- 
ciding when to take them into account and when to ignore them. 

Impulses of the highest magnitude will obviously cause the maximum of 
annoyance. Therefore, when there are a large number of impulses per minute, 
it is necessary to measure the magnitudes of the ten highest impulses. Experi- 
mental results indicate that arithmetical averaging of these ten highest impulses 
is adequate in the large majority of cases. Hence, the arithmetically averaged 
value of the ten highest impulses should be stated as the quasi-peak value. 


8. CLASSIFICATION OF NOISE 


Several attempts have been made to classify atmospheric noise. A fresh attempt 
to classify noise on the basis of listening experiments becomes necessary if a type 
is to indicate by its classification exactly what it means. When atmospheric noise 
is heard through the loudspeaker of a receiver, it may be possible to distinguish the 
individual impulses from each other and so long as this is possible, the type of 
noise received will be called type B noise. When this type of noise is due to ex- 
tremely local thunderstorms, the quasi-peak value becomes very large and shows 
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considerable variations from impulse to impulse. This special form of type B 
noise will be called type C noise. Type B noise appears to be due to a large number 
of thunderstorms spread over a wide area while type C, the special form, may be 
due to very few thunderstorms, even one. 

As the number of impulses per minute goes on increasing, the ear finds it more 
and more difficult to distinguish each separate impulse and the resolving power 
of the average ear is crossed when the number of impulses per minute exceeds fifty. 
When the impulses come at this rate or higher, the ear gets the impression of a 
continuous noise which may appear similar to fluctuation noise. This type of 
noise will be called type A noise. But, it must be remembered that this type of 
noise is also due to impulses, and hence must be measured by the same standards 
as the other two types of noise. 

When only type A noise is present, it should be measured and stated. Super- 
posed on type A noise, there may appear type B or type C noise. In such cases, 
the latter are always of higher magnitude than type A noise. Therefore, when the 
number of impulses due to type B or type C noise exceeds ten per minute, it is only 
necessary to state the value of type B or type C noise. When the number of 
impulses is less than five per minute, only type A noise may be stated. When the 
number of impulses is five or more than five, but less than ten per minute, it is 
desirable to state both type A and either type B or type C noises. 


9. OBJECTIVE MEASUREMENTS OF NOISE 


The investigations of STEUDEL (1933) justify the construction of noise meters of 
the rapid charge slow recovery type for atmospheric noise measurements. In the 
objective methods of measurement, attempts have been made to evaluate the 
charge and discharge time constants which result in relating the actual measure- 
ment to the annoyance value of noise. There can always be differences of opinion 
on the most suitable values. In fact, it may be stated that no one set of time 
constants can possibly relate the measurement to the annoyance value for all 
types of impulses received. This statement does not require further elaboration 
when it is realized that we are dealing with a statistical phenomenon. What is 
required is to find out whether the time constants chosen do actually relate the 
measurement to the annoyance value in the majority of cases, and state clearly 
the limitations of the meter performance. It is, however, desirable to have only 
one set of time constants for all types of noise. Further, it is desirable to carry out 
subsidiary experiments to evolve standards for satisfactory service on the basis of 
the noise measurements. If this data can be provided, it becomes possible to 
compare the results of experiments on noise by objective methods employing 
different time constants. Absence-of such information mekes comparisons difficult. 


10. THe OspsectTIvVE METHOD OF MEASUREMENT ADOPTED 


Since statistical considerations require the recording of a large number of obser- 
vations, it was decided to adopt the objective method of measurement. The time 
constants chosen for the noise meter were as follows:— 


Charging time constant = 10 milliseconds 
Discharging time constant = 500 milliseconds. 
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The C.I.8S.P.R. has recommended a charge time constant of one millisecond 
and a discharge time constant of 160 milliseconds. The United States Joint Co- 
Ordination Committee which went into this question has recommended a charge 
time constant of 10 milliseconds and a discharge time constant of 600 milliseconds. 
It is said that these large time constants result in indications more in conformity 
with the annoyance value of noise. Other advantages claimed are that such meters 
are easier to construct and that the response of the meter becomes unimportant. 


ll. Sussective Tests or Norse METER PERFORMANCE 


The time constants chosen for the noise meter were based on trial and error experi- 
ments carried out to see if the meter satisfied the following requirements:— 
(a) whether what was read on the meter corresponded to what was heard and 
(6) whether the meter failed to record kicks when the ear got the impression of con- 
tinuity. It was found that the time constants chosen gave the closest possible 
realization of the above requirements and were thus most suitable. The values 
chosen are about the values recommended by the American Joint Co-Ordination 
Committee, the only difference lies in the discharge time constant which is 100 
milliseconds lower. This may be due to the resolving power consideration indicated 
as (b) above. 

Over a million observations have been taken with these time constants by 
different students who listened to the noise. From these, the following statements 
may be made: (a) For very sharp impulses, i.e. for impulses lasting about 0-1 sec 
or less, the meter readings are higher than the effect on the ear; (6) For the majority 
of impulses for the greater part of the time, there is satisfactory correlation between 
the effect on the ear and the meter reading; and (c) there is no data for impulses 
lasting a very long time, i.e. over 0-4 sec. This is because the number of such 
impulses have been few and, if they did appear in type A noise, nothing can be 
made out. Examining these conclusions on the meter performance with the 
results of experiments on the duration of impulses, it appears that these time 
constants are adequate for about 70 per cent of the impulses. It is possible that 
a large proportion of the long duration impulses are present in type A noise. 
Making an allowance for this from the results of experiments on lightning dis- 
charges. it will be reasonable to say that the meter does relate satisfactorily the 
reading to the annoyance value for fifty per cent of the impulses. The question of 
improving the time constants is constantly kept in view while measurements are 
being taken and is also being theoretically examined. If it is found in the course 
of the next few years that better time constants can be evolved, they will be used 
and the results obtained with the now used time constants converted to correspond 
to the new time constants by carrying out subsidiary experiments. Although 
there is at present no indication towards such an eventuality, the statement is 
being made to emphasize the fact that the question of time constants is a complex 
one. 

12. EQUIPMENT AND ITS INSTALLATION 


For engineering evaluations, it is useful to work with equipment which conforms 
to the usual types. The receiver should be of the usual commercial type. like a 
communication receiver. Its bandwidth characteristics should be adjusted to 
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6 Ke/s at 6db down. This is more in conformity with those met with in com- 
mercially mass produced receivers than the higher bandwidths recommended. 
The second channel selectivity must be 80db down. The A.F. output from the 
detector should be fed to the noise meter. 

It is not possible to have the same installation and equipment for measurements 
over the whole frequency spectrum. The polar diagram of the aerial must be such 
that it can at least pick up equally well from all the directions from which noise is 
expected on considerations of the distribution of thunderstorm activity. The 
ratio of the radiation to loss resistance of the aerial must be considered. This 
naturally leads to the question of the earth system. The aerial to be used must 
be such that its effective height and electrical constants can be determined at 
site with reasonable accuracy. At very high frequencies, the problem of eliminating 
other noises which become comparable with atmospheric noise presents special 
problems of its own. Taking these several factors into account, it is found useful 
to have separate installations for each of the following bands:— 


(a) 100 to 400 Ke/s 
(6) 500 to 1500 Ke/s 
(c) 2-5 to 20-0 Me/s 
(d) 20 to 30 Me/s. 


The use of automatic recording has been found unsuitable. There are frequent 
changes of noise intensity which require changes of range, if accuracy is to be 
maintained. Otherwise, observations may get recorded when the receiver or 
amplifier is made to operate under overload conditions, leading to incorrect 
readings. Further, the trouble due to interference is most serious. Over certain 
ranges of frequencies, it is difficult to find dead spots at any time. Even in other 
cases, it becomes impossible on some days to take continuous measurements. 
Since statistical considerations require the taking of a large number of observations 
and this has to be done manually, observations can only be recorded at one fre- 
quency in the band at a time or, at best, at two frequencies. This naturally leads 
to either the prolongation of the experiments or the use of more equipment, but 
there is no other way out. 

13. CALIBRATION 


Atmospheric noise is a form of interference. The noise source should be considered 
a form of radiator and its field strength should be measured in microvolts per 
metre. The noise meter thus becomes a noise field strength meter. A standard sig- 
nal generator should be used for calibration purposes. Since measurements are 
made on the audio frequency side, the question of a suitable audio frequency and 
a suitable percentage modulation arises. 30 per cent modulation by a 400 c/s note 
is usually used for receiver testing, etc. The same should also be used in this 
case. All the results can be given on this basis. In addition, it is useful to provide 
conversion data for converting these results to what would be obtained with 
15 per cent and 50 per cent modulation. While carrying out the calibrations, it is 
necessary to feed the output of the signal generator through the equivalent im- 
pedance of the aerial at the point at which the aerial is connected. For maintaining 
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calibration accuracy, the power to the receiver must be supplied through a constant 
voltage transformer and the calibration periodically checked. 

For theoretical purposes, it is necessary to appreciate the significance of this 
calibration. The noise field strength is due to the noise source operating as a 
radiator at a particular frequency within the limits of the defined band width of 
the receiver. This radiator is considered as equivalent to a radiator at the same 
frequency carrying a 30 per cent modulation by a 400 c/s note. 


14. RECORDING AND ANALYSIS OF OBSERVATIONS 


In all statistical phenomena, great importance is attached to the collection 
and assessment of data having regard to the purpose for which the assessment is 
made and it is an accepted fact that the fewer the observations, the less reliable is 
the result. It is unfortunate that noise measurements have been carried out 
without taking these important facts into account. After taking into account the 
statistical requirements, experimental difficulties, and the practical necessity, a 
system has been evolved and it is as follows: 

Observations are taken continuously for ten minute periods, three times an 
hour. All impulses are generally recorded, but when the number of impulses 
exceeds twenty per minute about twenty of the highest during the minute are 
recorded. The general practice is to record about 600 impulses per hour. The 
continuous background noise, here called type A noise, is recorded by reading the 
meter twice in each ten minute interval. This is done very carefully when the 
number of impulses per minute, due to type B noise, is less than ten. Higher 
values will be recorded for type A noise, in the noise meter described in this paper, 
when a large number of impulses due to type B or type C noise is also present. 
But this is of no significance, as the type A noise which appears as a background 
is never stated when the number of impulses due to type B or type C noise exceeds 
ten per minute. 

Type A noise which is read twice in each ten minute interval gives six readings 
for the hour. They are arithmetically averaged to give the average for the hour. 
A similar procedure is adopted for averaging type B or type C noise. The 300 
highest values recorded during the 30 minutes in any hour of observation are 
arithmetically averaged to obtain the average value of the ten highest peaks per 
minute. This is stated as the quasi-peak value of type B or type C noise for the 
hour. 

The hourly values so obtained are tabulated for the whole month. The twenty 
four hours of the day are divided into four divisions:—06-00 to 12-00, 12-00 to 18-00, 
18-00 to 24-00 and 00-00 to 06-00. This division has been made having regard to 
broadcasting as a utility service and the use of the Indian Standard Time is found 
convenient in India. Separate tables of hourly values for the whole month are 
prepared for the four divisions. The monthly table of one division is examined at 
a time. During some months, the number of impulses per minute due to type B 
or type C noise is less than five throughout. In such cases, analysis of only type A 
noise is resorted to and observations of type B or type C noise, if any, are ignored. 
During some months, the number of impulses due to type B or type C noise always 
exceeds the rate of ten per minute. In such cases, type A noise is ignored. During 
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a few other months, however, the number of impulses per minute due to type B 
noise varies and has values below ten also. For such months, the median value 
of the number of impulses per minute is computed for the whole month. If this 
is less than five. type B noise is ignored. If it is more than five and less than ten. 
values of both type A and type B noises are computed and given. If it is more than 
ten, only type B noise is computed. 

The following procedure is adopted in all cases for obtaining the magnitude 
of noise in one division of the day for the whole month. The hourly averaged 
readings for the month are sorted into groups and a graph is drawn—percentage 
of readings exceeding a value against the value. From this graph, the median 
value for the month and the value that is exceeded during only 10 per cent of the 
hours of observation, the higher decile value, are both obtained. In giving noise 
figures for the month, it should be adequate to state the median value of the 
hourly averages for each of the four divisions of the day but, if a higher figure is 
desired, it is best to state the higher decile value also for each division of the day. 

Sometimes. when the hourly values are sorted into groups, it is found that 
they fall into more than one set. In such cases, the median value, etc., are obtained 
for each set separately as each may have a different source of origin. Monthly 
values are obtained by weighting the value of each set in proportion to the fre- 
quency of its occurrence. Under no circumstances are the results of type A, type B, 
and type C noises mixed up. (Experiments have been carried out in which atmo- 
spheric noise as such is measured, i.e. all the different types of noise as classified here 
are mixed up. The results of such experiments are of no real value for evolving 
standards of satisfactory signals for a particular type of service. The theoretical 
interpretation of the results becomes impossible. The diurnal variation obtained 
loses its significance. A discussion of these is outside the scope of this paper.) 

Before proceeding to compute the results, the following general principles 
are observed. To compute the hourly average, there must be at least two ten 
minute periods of continuous observations. the two ten minute periods to lie in 
the two halves of the hour. For any six hour division of the day. there must be 
at least three hourly averages and these hours must be alternate. For computing 
monthly averages, there must be readings for at least ten days of the month and 
the days must be spread over the whole month. In actual practice, observations 
should be obtained far in excess of these minima. 


15. CONCLUSION 


Atmospheric noise is an impulsive noise and is a statistical phenomenon. The 
assessment of its interference must be approached from this standpoint. When 
annoyance to listening is to be considered, it is necessary to approach the question 
on the basis of experiments carried out on actual listening. This leads to a classi- 
fication of noise as type A, type B, and type C and this classification has significance 
for evolving standards of satisfactory service. A minimum number of ten impulses 
per minute is considered to have an annoyance value, and this takes account of 
the duration and number of impulses of atmospheric noise. The statistical variation 
of the magnitudes of impulses is taken into account in the method of recording and 
assessing the data. The latter also takes account of the purpose for which the 
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assessment is made. In the particular case, it is for a continuous broadcast service. 
The time constants of the measuring system are satisfactory for at least fifty per 
cent of the impulses. The objective method has been adopted as it is more suitable 
when a large number of observations have to be taken to meet statistical require- 
ments. 

In all noise measurements, it is desirable to provide the following information :— 
(a) details of the aerial, (b) bandwidth characteristics of the receiver, (c) detailed 
particulars of the receiver and the measuring system, (d) method of calibration, 
(e) criteria of the number of impulses per minute and, if possible, suitable data for 
converting the results to other criteria, (f ) the details of the way the observations 
have been recorded and assessed, and (g) standards of satisfactory signals in relation 
to the noise level as measured. Absence of details on the several points mentioned 
make comparisons of results of different workers very difficult. An attempt, 
however unsatisfactory it be, must be made to interpret the results theoretically. 

Measurements of atmospheric noise interference to broadcasting in the different 
bands mentioned by the method described in the paper and a discussion of the 
results obtained will be presented in future papers. The proper evaluation of 
standards of satisfactory service in relation to the assessment of noise interference 
by the method described here will be reported in due course. It may be necessary. 
however, to state here that the problem is extremely complicated when considered 
in relation to fading signals, but is certainly capable of solution. 

This paper is confined exclusively to discussing the problem of the assessment 
of atmospheric noise interference to broadcasting. The utility of the results of 
such measurements to other services is outside the scope of this paper. 
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RESEARCH NOTES 





Electron density in the E-layer during auroral displays deduced from 
measurements of absolute brightness of the auroral luminosity 


(Received 8 June 1954) 


In a recent paper SEATON (1954) has made some interesting estimates of the electron 
densities in the auroral region during an auroral display, based on the absolute intensity 
of the negative nitrogen bands (N,+, B? X,+ — X?2,*). 

Assuming the process 


N,(X!5,+) + X>N,t+(BD,t) +e +X (1) 


to be the only important one both for the ionization and for the excitation of the negative 
nitrogen bands, the electron density can be calculated from the formula: 


tits pa 


grec 


Here are n(e) the electron density in electrons per cm, «'®¢ the coefficient of recombination 
in cm? sec! for the H-layer and 7(N.G) the total photon emission per em? per sec of the 
negative bands in the aurorae. 

There is, however, a lack of knowledge about the absolute brightness of the aurorae. 
SEATON made assumptions about this based on visual observations. In this paper values 
are given which have been measured during preliminary experiments with photoelectric 
equipment. 

The auroral form was by a lens focused on a small circular opening on the front of a 
1P-22 photomultiplier. Interference filters transmitting respectively 2 = 5577A and 

= 4278 A were placed before the lens. The current was measured by a galvanometer. 
The sensitivity of the apparatus was measured by means of a standard lamp, the emission 
of which was known in ergs solid angle~! sec1A-1. To ensure even illumination of the 
photocathode this lamp was, with the same optical system, focused 5 cm before the circular 
opening on the front of the photomultiplier. The emission of the aurorae in erg per cm? 
column per sec per solid angle could thus be calculated by taking into account the geometry 
of the system, the transmission profiles of the filters, and the atmospheric extinction 
coefficient. 

Measurements was made during three nights with bright auroral displays. In the table, 
column 2, is given some typical values of the auroral emission in erg per cm* column per 
sec for the negative band 4278 A (0-1). The absolute intensity of the green line 5577 A 
was found to be about 2-5 times that of the 4278-band, a factor which showed only small 
variations in spectra from various ordinary, bright aurorae. 

In column 3 of the table is given the number of photons emitted per cm? column per 
sec., in column 4 the estimated length of the light emitting column in radial direction, and 
in column 5 the number of photons, 7 (4278), emitted per cm? per sec in the aurorae. 

Using Eq. (2), the electron density can be calculated and is given in column 6. 2° is 
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taken to be 10-8 cm’ sec~!. »(N.G.), the total photon emission per cm® per sec in the 
negative band system, is given by 
> Iv’, v”)/hv(v’, v”) 


n(N.G.) = (4278) “T0. 1)/hv(0, 1) " 





I(v', v") and »(v’, v”) are the relative intensity and the frequency of the (v’-v”)-band in 
the 1 . negative band system of nitrogen. Using the values published by Bates (1949, 
Tables 6 and 20), we find 7(N.G.) = (4278) . 6-5. 





Photon | Estimated | Photon | Electron 


Intensity | emission | lengthof | emission | density n(e) 
column | 


| | 
j | | 
| | 
erg cm-2 sec-!| cm-? sec-)_ | km | 
| | | | 
| | 
| 
| 


Auroral forms 


cm-3 sec-1 | electrons/cm3 





Faint arc . 10-2 | 0:4. 101) 10 
Weak, pulsating | | 
surfaces . 10-2 0:2 . 1019 | | 
Medium rays . 10-2 | 0-6-1-2 . 109 | 
Medium ares . 10-2 | 1-5-3-2 . 101° | 
Strong rays . 10-2 3-2. 1010 
Strong arcs . 10-3 6-7 . 1019 
Lower border of strong 
drapery : 9. 
Very bright display in | 
rapid movement : 15. 
Strongest aurorae 
measured, band in 
rapid movement : | 20. 








From the table, column 6, it is evident that the electron density n(e) for a medium 
to strong display seldom exceeds a value of 10’ electrons per cm’, if we assume that the 
process given by Eq. (1) is the only important one both for the ionization and for the 
excitation of the negative nitrogen bands. 

The errors involved in the quantitative measurements of the energy emission in the 
auroral spectrum given here are comparatively large, and may even be as large as +50%. 
As seen from Eq. (2) this gives errors in n(e) of +30%. Some more uncertainty in n(e) is, 
however, introduced by the possible errors in the estimated length of the light emitting 
column in the aurorae. 

An electron density of 10° electrons per cm® gives a critical frequency of 9 Mc/sec on 
vertical incidence, a value which is often observed during faint auroral displays overhead. 
Quantitative measurements on the correlation between the H-layer electron density and 
the auroral luminescence will be continued. 


The Auroral Observatory, Tromsé. A. OMHOLT. 
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Electron distribution in the ionosphere 
(Received 1 June 1954) 


The true height, h, at which is found an electron density, N, is related to the virtual height, 
h’, at frequency f by 


N=kf? 
h'(f) [ KEN) AWW) 


where yw’ is the group refractive index. 

Let ¢(N) be any single valued function, and let ji’ be the mean value of yw’ over the 
interval considered. 

Approximately, 


Ah" f) 


=ex D 
in a convenient symbolism. 
Over consecutive intervals 1, 2, 3, ete. 











}__ CURVES DISPLACED 





ORDINARY RAY 





|___- MAGNETIC FIELD NOT INCLUDED 














VIRTUAL HEIGHT ———» 











Se 


KELSU 10 $ 
|_KELS) 8 eles 
loy f | 

Af 



































FREQUENCY =——e> Mc/s per sec 





Research notes 


One can obtain, thus, the gradients apm and, from them, h. Different forms of ¢(N) 
lead to different approximate methods of analysing h’, f records. KELso’s method (1952) 
is such that the a’s are equal. 

To form an idea of the errors in reduction, sample records have been analyzed. The 
diagram shows the Christchurch record of 1952, Nov. 13d. 14h. reduced by KELsSo’s method 
using both 8 and 10 ordinates and also by a method which uses 25 ordinates at equal inter- 
vals of log f. The last method is the best of the three, both because of the greater number 
of ordinates and because of the improved spacing. 

This type of analysis can be used to include the effect of the earth’s magnetic field. 
Thus, KELso’s method can be extended by altering the relative spacing of the ordinates. 
Half a dozen scales, each covering part of the frequency range, will then give an analysis 
which includes the magnetic field. There is no need for the tedious process set out in 
KELSO (1954). 

This work is part of the programme of the Geophysical Observatory of the New Zealand 
Department of Scientific and Industrial Research. The help given by the Director, Mr. J. 
W. BraGLey, and by members of the staff is gratefully acknowledged. 


Geophysical Observatory, G. A. M. Kine. 
Christchurch, 
New Zealand. 


REFERENCES 


1952 J. Geophys. Res. 57, 357 
1954 J. Atmosph. Terr. Phys. 5, 11 





Journal of Atmospheric and Terrestrial Physics, 1954, Vol. 5, pp. 247 to 249. Pergamon Press Ltd., London 


Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), ESKDALEMUIR (Hs), and LERwIcK (Le) 


March to June 1954 


The figures given on pages 247 to 249 represent the K-indices for three-hour intervals, 
beginning with 00—03 hrs for the first and ending with 21-24 hrs for the eighth figure. 


March 1954 





Ab Es Le 
Range for K = 9: 500y Range for K = 9: 750y Range for K = 9: 1000y 





K-Indices K-Indices Sum K-Indices 





2222 2124 2111 2024 2221 2114 
4312 2243 4322 2033 4332 2133 
3221 2322 3210 2212 3220 1223 
2231 2233 1121 2233 1121 1223 
3223 3324 3222 3224 3322 2213 
3222 2233 3202 2223 3211 2233 
2323 3344 2312 3343 3322 3343 
2212 2233 2212 2223 2211 2224 
3223 3552 3122 3542 y 3222 2543 
2122 3243 1112 3233 0111 2133 
3333 3444 2332 3444 2322 3343 
3232 3343 3231 3333 3131 2233 
2222 3454 2101 3353 2211 2453 
3332 3554 3323 3544 4332 3554 
4443 4344 4443 3244 5332 3234 
2333 4343 2323 3342 2323 3343 
3222 3543 2112 3443 3212 2444 
4323 3342 4323 3341 5333 2342 
3212 3334 3111 3243 3111 3233 
3233 3443 3233 3433 3322 3335 
3123 2343 3022 2343 4212 1243 
3223 2255 3112 1254 ¢ 3211 1255 
4333 3366 4333 3365 : 5433 3266 
4334 2444 4334 2445 4433 1444 
4333 3342 4332 2242 4332 2242 
2233 4443 : 2223 «3343 2222 3333 
3223 1122 3222 1121 3321 1022 
3121 2233 3011 1222 2 3111 1232 
2122 2223 1011 2223 : 2011 1223 
4222 4335 } 4211 3335 4311 3335 
2222 2344 2222 2234 3221 2234 
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K-indices 


April 1954 





| Ab | Es Le 
Range for K =9:500y | Range for K = 9: 750y Range for K = 9: 1000y 


Day 





K-Indices Y K-Indices | Sum K-Indices 





1011 = 1323 | Ill 1214 
2002 3334 | 2012 3334 
2222 2234 | 3212 2234 
3332 2134 | 3322 1144 
1232 0002 2221 1112 
3212 3223 | 3112 2223 
2112 2242 3121 2242 
0002 2244 1111 1134 
3212 3322 3221 2322 
2222 2332 2221 2332 
3111 1457 2 3111 1359 
6642 4334 y 8842 3345 
3113 3333 | 4312 3333 
2222 2211 | 3322 3211 
3213 3344 3223 3343 
2022 3232 2121 2232 
1211 2323 1111 2222 
3223 3243 é 3223 3233 
2213 2332 2122 2331 
3222 3442 2 3321 3442 
3233 3312 y 2232 3322 
2221 3101 3321 2101 
3322 3343 3222 3353 
2212 1333 3311 

3221 1232 3110 

3321 3334 2% 3321 

4332 1242 : 5432 

3111 2122 ‘ 2111 

3112 3122 3121 
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May 1954 





3011 2202 
2321 1221 
2200 2213 
2222 3334 
2222 3222 
2220 0010 
0000 2322 
2111 3443 
3322 2233 
1122 1232 
3223 2332 
2002 3232 
2122 3332 
3112 1221 
2221 4323 
2212 1220 
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K-indices 


May 1954 (contd.) 





Ab 
Range for K = 9: 500y 
Day 


Es 
Range for K = 9: 750y 


Le 
Range for K = 9: 1000y 





K-Indices Sum 


K-Indices 


K-Indices 


Sum 
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0001 1112 
3313 3233 
3212 2233 
2211 2343 
3222 4432 
2110 
2120 
2112 
2111 
1121 
2211 
9113 
3232 
1012 
1112 


0100 
3312 
3112 
3211 
421] 
2110 
3221 
1112 
2211 
1111 
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1012 
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1112 
1112 
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Book reviews 


Advances in Geophysics. Ed. by H. E. Lanpsserc, Vol. 1, 1952, Academic Press Inc., New 
York, 362 pp. $7.80. 


THE present development in geophysics is greatly assisted by the publication of review articles. 
The field included by the term geophysics is very considerable, covering branches of the science 
of the Earth in which the techniques and methods.of approach range from those of the geologist 
to those of the mathematician. Any research worker in geophysics may quite suddenly find 
his special field has need of a well established, but totally strange, discipline. The geomag- 
netician has had in the past few years to acquire an understanding of the approach of the 
geologist, in his need to unravel the history of the geomagnetic field through the magnetisation 
of igneous and sedimentary rocks. Similarly in future the vulcanologists may find the pursuit 
of their ancient science requires the use of the knowledge of temperature distribution in the 
deeper parts of the earth’s mantle, which is being developed from the study of geomagnetism 
and from the theoretical studies of the properties of solids which the physicist has developed in 
the last twenty years. 

The book under review is a valuable attempt to meet this need. It contains. eight review 
articles all of which have excellent bibliographies. It is perhaps biased on the practical side: 
the imagination is not stimulated by being confronted with any of the great unsolved problems 
of the physics of the Earth. Perhaps the nearest approach is Dr. Boxtn’s discussion of the lack 
of any real understanding of the physical mechanism which drives the general circulation of 
the atmosphere. But within this limit the book is full of interesting material. 

The first article by J. C. BELLAMy describes the techniques of recording and exhibiting 
geophysical data. There must be many cases of data being obtained in the field in a form 
unsuitable for future use. Then follows an article by ARNOLD CouRT on “‘Some new Statistical 
techniques in Geophysics.” The reader is introduced to a circular distribution though it is not 
clear for what geophysical applications this provides an appropriate discussion of precision. 
Of much wider relevance to the problems of geophysical research, in which one very often wishes 
to discuss the precision of mean directions in space, is a recent paper by Sir RONALD FISHER 
in the Proceedings of the Royal Society on dispersion on a sphere. WHIPPLE’S article on the 
exploration of the upper atmosphere by meteoritic techniques is of great interest. D. W. 
PRITCHARD writes fully on estuarine hydrography. G. P. WooLLarRD surveys carefully ““The 
Earth’s Gravitational field and its Exploitation,’ both on the geodetic and geological sides. 

The last article is by J. R. BALsLtey on ‘‘Aeromagnetic Surveying.’ It is probably the best 
article in the book as it contains some examples of the remarkably detailed and beautiful 
isomagnetic charts, which the application of this technique has provided. It is also probably 
the most useful article as no comparably detailed account of the’design and use of the airborne 
magnetometer has been published before. 

As will be seen the book should contain something of interest in all branches of geophysics 


and as such is much to be welcomed. 
S. K. Runcorn 


Joun C. Jonnson: Physical Meteorology. pp. 393 + xii. London, Chapman & Hall. 60s. 


The subject matter of this book—more often referred to in this country as ‘atmospheric 
physics’’—is a study of atmospheric phenomena and processes not specifically related to the 
movements and circulations which cause weather. The book may be regarded as following 
(but in no slavish sense) the path pioneered by HuMPHREYsS’ Physics of the Air, but in the present 
volume the impact of modern techniques, such as radar, on methods of exploring the atmosphere 
is made evident in many ways. 
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As might be expected, the book pays much attention to radiation, both visible and invisible. 
The first three chapters deal with atmospheric refraction (including the anomalous propagation 
of high-frequency radio waves), scattering (with a good account of polarization of the daylight 
sky), and the theory of visibility. Radiation, both solar and terrestrial, is considered in two 
chapters, the second of which includes a short account of the heat budget of the Earth. The 
treatment of short-wave radiation and the solar constant is good, but the real difficulties of 
the water-vapour absorption spectrum are not properly explored. There is room in meteoro- 
logical literature for a full account of this very complicated problem and here, if anywhere, the 
student might expect to find it. Still less complete is the account of the heat balance, but here 
one may sympathize with the author who clearly could not find room for anything like a 
proper treatment of convection in a book which sets out to cover a very wide field at graduate, 
but hardly post-graduate, level. In passing, it is worth while pointing out that the expression 
for the heat flux in a solid in terms of the conductivity and the temperature gradient is not, 
as stated here, NEwTon’s law of cooling. NEwrTon’s law of cooling, that the rate of loss of heat 
from a body is proportional to its temperature above the ambient, is a boundary condition 
which integrates the effects of conduction, convection and radiation at a surface. 

Chapter 6 deals with the well-explored field of meteorological optics; rainbows, fog bows, 
glories, haloes, sun pillars, and all the varied phenomena of the heavens are dealt with in a 
succinct but admirably clear fashion. Here the theories are, for the most part, well established, 
but the same can hardly be said of the microphysics of clouds and the mechanism of precipi- 
tation, discussed in the next two chapters. The author gives a good summary of the main 
developments in this field and has been bold enough to attempt an assessment of artificial 
precipitation. Not all, or perhaps even a majority of, meteorologists will agree with his state- 
ment that “‘the results, to date, indicate that man under extremely favourable conditions has 
under his control the factors necessary to start precipitation”’ or that “‘there is evidence that 
cloud seeding . . . will cause rain to fall on the ground in measurable amounts.’ For most of us 
the verdict is still “not proven,” and doubts are growing stronger, not weaker. 

The three final chapters deal with atmospheric electricity, the ionosphere, and the ozono- 
sphere, and finally, the structure of the ‘“‘upper atmosphere” (from about 25 to 100 km) as 
revealed by acoustical measurements, meteors, and by direct exploration by large rockets. 
The last is a particularly interesting chapter which shows the author’s gift for condensation 
at its best. 

It will be seen from the above that the field covered by this book is very wide, so that really 
deep treatment cannot be expected. It is primarily a book for the student (each chapter 
concludes with examples for solution) rather than for the research worker, but there will be 
few meteorologists who will not be glad to have this volume on their shelves. In any case, those 
who may wish to pursue a particular topic deeper will find their task made easier by the 
excellent references given at the end of each chapter. In short, by uniting in one volume work 
carried out in many fields—meteorology, astronomy, radio, aerodynamics—the author has 
performed a most useful work. 

The book is well printed and illustrated and is furnished with a good index. 


O. G. SUTTON 


Advances in Electronics. Edited by L. Marton. Vol. V, pp. xi + 420. New York: Academic 
Press, Inc. London: Academic Books, Ltd., 1953. $9.50. 


This book is the fifth in a series which have been published at intervals since 1949, and which 
comprise critical and integrated reviews of specific topics in the field of physical electronics 
and in selected branches of engineering electronics. The present volume contains eight contri- 
butions, the authors of which, with one exception, are associated with various establishments 
and research organizations in the United States of America. 
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The first essay is by R. CLARK JONEs and is entitled ‘‘Performance of Detectors for Visible 
and Infra-red Radiation.” It deals with the various types of detector used for such radiation, 
including thermal and photoemissive detectors, photoconductive cells, photographic negatives, 
radio antennae, and the human eye. An extensive and quantitative assessment of the per- 
formance of all these detectors is presented, special attention being given to the various types 
of ‘‘noise’’ which limit the ‘“‘detectivity”’ or ratio of ‘“‘responsivity”’ to noise. 

Next follows a somewhat shorter survey of ‘“‘Beta-Ray Spectrometers,’ by R. W. HAywarD, 
which describes briefly some of the instruments recently developed for improving the experi- 
mental study of electron spectra. The review is confined to two classes of instruments: pris- 
matic spectrometers in which the source, central ray of the electron beam, and detector lie in a 
plane perpendicular to the magnetic field; and lens spectrometers in which the source, central 
ray, and detector are axially symmetrical to the magnetic field. 

The branch of solid-state physics that is concerned with the phenomena associated with 
light emission from solids is reviewed by F. E. W1Lu1aMs under the title, “‘Solid-State Lumin- 
escence’’; and this is followed by an article on ‘“‘Thorium Oxide and Electronics,” by W. E. 
DaNnForTH, describing certain practical applications of thorium-oxide cathodes, and referring 
to the need for more decisive experiments to supplement theoretical developments, which are 
in a fragmentary state. The great increase in research and application in the field of electronics 
has resulted in a demand for accelerated production technique applied to high vacuum pumping 
equipment. ‘‘A Review of Modern Vacuum Pumps in Electronics Manufacturing,” by H. C. 
WEINGARTNER and 8. W. KENNEDY, surveys current vacuum practice in the electronics industry. 

In previous volumes in this series there have been four papers on various aspects of the 
magnetron. In the work now under review, the only contributor from a British establishment, 
R. Q. Twiss, presents an analytical treatment of the pre-oscillation state in cylindrical and 
linear magnetrons in a paper entitled, “‘On the Steady-State Theory of the Magnetron.”’ It is 
pointed out that the experimental evidence so far available is too scanty and inconsistent to be 
very useful in verifying the theory. 

The last two papers in this book are of considerable topical interest. C. J. Hrrscu in “A 
Review of Recent Work in Color Television,’ describes the status of colour television in the 
U.S.A. in June 1953, and deals in an excellent manner with the compatible system developed 
by the National Television System Committee. With an appendix on Colorimetry, a Glossary 
of terms, and a test specification of the system, this contribution will be found invaluable by 
those now concerned with development and exploitation in this field. In a concluding contri- 
bution, entitled ‘Junction Transistor Applications,” J. S. SCHAFFNER presents a treatment of 
junction transistor circuits and their application to linear amplifiers, and, to a lesser extent, 
oscillators. The author emphasizes the difficulty of making a useful review in this field where 
developments are taking place very rapidly, due mostly to commercial pressure. 

Each of the articles referred to above is well illustrated and accompanied by a comprehensive 
list of references to the subject under discussion. The book concludes with a new feature— 
a cumulative author and subject index of all the articles presented in the first five volumes of 
this series. This index considerably enhances the usefulness of these surveys of progress, and the 
subject index shows at a glance the wide field covered by the term “‘electronics.”’ The choice 
of subjects dealt with so far would, however, appear to be consistent with the following definition 
put forward in 1952 by the International Electrotechnical Commission: ‘‘Electronics—That 
branch of science and technology which deals with the study of the phenomena of conduction 
of electricity in a vacuum, in a gas and in semiconductors, and with the utilization of devices 
based on these phenomena.” The present series of books is serving an admirable purpose in 
enabling students, scientists, and engineers to keep themselves informed on the many and diverse 


lines of progress so intensively being pursued in this subject. 
R. L. SmitH-Rose 
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Aircraft investigation of the large ion content and conductivity 
of the atmosphere and their relation to meteorological factors 


Rita CALLAHAN SAGALYN and GERARD A. FAUCHER 
Air Force Cambridge Research Center, Air Research and Development Command 


(Received 18 May 1954) 


ABSTRACT 

Recent simultaneous measurements of electrical conductivity, large-ion concentrations, temperature 
and humidity in the altitude range 700 to 15,000 feet by means of aircraft are described. The results of 
forty flights show that over continental areas in fair weather there exists a layer adjacent to the ground 
varying in depth from 1000 to 10,000 feet in which the vertical distributions of charged nuclei and elec- 
trical conductivity are controlled primarily by atmospheric turbulence. At the upper boundary of this 
layer there is observed a sharp decrease in temperature gradient and in a transition region approximately 
800 feet in depth, the conductivity is found to increase by a factor of 1-5 to 6-0; the large ion content 
to decrease by a factor of 1-5 to 100. Above this transition region the large ion content is reduced to 
very low values and the electrical conductivity increases with altitude in the same manner as determined 
from earlier experiments. Analysis shows that the surface layer can be identified with the friction layer 
familiar to meteorologists. Application of the small ion equilibrium equation shows that the destruction 
of small ions by collisions with nuclei is the most important factor removing small ions throughout this 
region. The columnar resistance of the surface layer is shown to make a significant contribution to the 
total resistance of the atmosphere. Observed correlations between horizontal variations in the measured 
electrical and meteorological] variables are described and interpreted. 


1. INTRODUCTION 


The observations described in this paper are a continuation and extension of an 
investigation of the electrical properties of air in the troposphere described in a 
previous paper (CALLAHAN et al., 1951). It was shown there that above the first 
few kilometres the electrical conductivity of the air is a result of the existence of 
equilibrium between the production of small ions by cosmic radiation and their 
destruction by recombination. The conductivity in the lowest part of the atmo- 
sphere was found to be less than would be expected from cosmic ray activity data 
which indicated that destruction of small ions by combination of small ions with 
charged and uncharged nuclei becomes an important factor in determining equi- 
librium. It was, therefore, decided to investigate the concentration of charged 
nuclei (large ions) and to determine the factors controlling their distribution in 
the atmosphere. Electrical conductivity, temperature, humidity, and pressure 
were also recorded. 

Previously, information about the large ion content of the atmosphere could 
only be inferred from the results of a limited number of balloon flights on which 
condensation nuclei were measured. These measurements were carried out princi- 
pally by Wicanp (1919). LANDSBERG (1938) has summarized the data available 
on the vertical distribution of nuclei in the atmosphere. The results show a rapid 
decrease in concentration with altitude in the first few kilometres; the con- 
centration at 10,000 feet being only a few per cent of the surface value. 

Knowledge of the large ion content of the atmosphere is not only necessary for 
the investigation of the processes involved in ion equilibrium but is also important 
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to the understanding of the effect of atmospheric turbulence on the electrical 
properties of the lower atmosphere. 


2. MertHop oF OBSERVATION 


The results of over forty flights are described in this paper. Most of the measure- 
ments were carried out on a fixed flight path, 25 miles long, located southeast of 
Concord, New Hampshire. Several measurements were also carried out on selected 
flight paths near San Antonio, Texas, and in the mountainous regions of Southern 
California. In New Hampshire and Texas, locations for the measurements were 
chosen where the elevation of the surface above sea level was relatively constant 
(height of the surface above sea level varied not more than 200 feet) and over 
which there was believed to be no large source of industrial pollution. All flights 
in a given area were made over the same fixed flight path. 

The aircraft was flown along the chosen flight path making one pass at specified 
altitudes between 800 and 15,000 feet above ground. The altitude intervals were 
1000 to 2000 feet unless the records showed that any of the measured parameters 
were changing rapidly with altitude in which case the altitude intervals were 
reduced. The measurements were carried out through all seasons of the year and 
throughout the day. The discussion of results is limited to those obtained in fair 
weather, which we define as days on which there was no unbroken cloud layer 
to inhibit the development of the daily turbulent cycle. 

The type of continuous record which is obtained during level flight is shown in 
Figs. 12 and 13. The parameters are positive conductivity 1,, concentration of 
positive large ions N,, temperature 7’, relative humidity R.H., and pressure P. 
The horizontal scale is time, in minutes, the aircraft speed is approximately 160 
miles per hour. The recorded values are relatively steady except for short periods 
at certain altitudes when the recorded values of conductivity, large ion concen- 
tration, and humidity show a rapid deviation from the steady value. The signifi- 
cance of these fluctuations will be discussed later. In evaluating the records the 
mean value of a parameter at a given level is taken from the steady part of the 
record, the short period fluctuations are included in Table 1 under “Limits of 
Variation.” 

3. APPARATUS 


(a) Instruments were installed in a B-17 aircraft to measure and record simul- 
taneously electrical conductivity, temperature, pressure, relative humidity, air 
speed, large ion concentration, and the air flow through the large ion apparatus. 
In order to continuously measure these parameters in flight with only one operator, 
it was found essential to use automatic recording and a central control system. 

A general view of the arrangement of the instruments on the aircraft is shown 
in Fig. 1. All power lines, timing circuits, etc., pass through the main control 
panel. Four chart recorders, electrometer amplifiers, battery boxes and the 
control panel, located near the rear of the fuselage, are positioned so that the 
operator can control and check the operation of all instruments. A four-switch 
Haydon Timer is used to synchronize all records by placing a timer signal on each 
record at ten-minute intervals. The airflow through each ion counter is shut off 
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by means of remotely controlled valves in order to obtain absolute zero and to 
check for insulation leakage. It has been found necessary to shock-mount all 
electrometers, recorders, conductivity, and large ion chambers. 

(b) The electrical conductivity of the atmosphere was measured with a cylin- 
drical condenser system, based on principles first outlined by GERDIEN (1905). 
A description of the apparatus used in these experiments is given in CALLAHAN 
(1951). In the experiments under discussion the cylindrical condenser and the 
electrometer preamplifier are located in the nose of the aircraft while the electro- 
meter amplifier, recorder, and batteries supplying a constant d.c. potential to the 
conductivity chamber were located in the waist compartments. Using the results 
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Fig. 1. Arrangement of apparatus on aircraft. 


of our earlier experiments in which it was found that above a few hundred feet 
A,/A. =1+0-1, the electrical conductivity produced by ions of only one sign 
is measured. 

(c) The meteorological parameters: temperature, pressure, relative humidity 
as well as the air speed of the aircraft are measured and recorded with an Aero- 
graph System developed at the Air Force Cambridge Research Center (GusTAFSON, 
1954). It consists essentially of a temperature and humidity transmitter mounted 
on the nose of the aircraft, a pressure and air speed transmitter, and a 5-channel 
graphic recorder for continuously recording these variables, which is mounted in 
the waist. The fifth channel is used for an automatic time signal.. The temperature 
and relative humidity sensing elements are, respectively, a thermistor bead and a 
carbon coated strip. 

(d) A schematic diagram of the apparatus used for measuring large ion con- 
centrations is shown in Fig. 2. The air sample enters the system through a louvred 
intake designed to reduce the airflow to approximately 4 litres per second while 
maintaining laminar flow. This intake is located near the nose of the aircraft 
approximately 6 feet in front of the propellers. The air sample is then passed into 
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the ion counting instruments located in the bomb bay through a brass tube 2 in. 
in diameter. In the bomb bay the airstream is first passed into a Y pipe section 
which divides the air flow in half and then passes through two identical systems 
in parallel. In each system the airstream is first passed through an electrostatic 
filter which removes all ions with mobility greater than 0-7 cm?/sec-volt. The air 
sample next passes through the “large ion counter,” then into an output tube and 
is finally exhausted into the radio compartment. The velocity of air through the 
instrument is measured with a Hastings Precision Thermal Anemometer Probe 
mounted in the output tube. The output of this instrument is recorded on a two- 
channel Brown Electronik Recorder. The special advantage of the Hastings Air 
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Fig. 2. Schematic diagram of large ion apparatus. 


Meter for air flow measurements in the free atmosphere is that the correction 
which must be applied for density variations with altitude can be easily determined. 

The large ion counter used in these experiments is essentially the same as the 
one designed by G. R. Wait and O. W. TorreEson (1934) for surface measurements 
with special modifications for aircraft use. It consists of three concentric insulated 
cylinders approximately one metre long. The air stream passes between the 
central and intermediate cylinders 1-27 cm apart, made of highly polished stainless 
steel. A d.c. voltage is applied across the intermediate and outer (grounded) 
cylinders. The central cylinder is connected to ground through a resistance of the 
order of 10!° ohms. The voltage developed across this resistance, determined by 
the rate at which charged particles in the air stream are drawn to the central 
cylinder under the influence of the applied electric field, is measured with a 
vibrating reed electrometer and recorded on a Brown Recorder. By suitably 
adjusting the air flow and applied potential all charged particles in the air stream 
of either sign with mobility greater than 2-0 x 10-4 cm2/sec-volt can be measured 
with this instrument. 

If the atmospheric ions were distributed in such a way that there were no ions 
with mobility less than the limiting mobility of this instrument the measurement 
of large ion concentrations would be relatively simple. With the airflow and 
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applied potential adjusted to obtain “saturation” for the instrument, the large 
ion content may be obtained from the relation 

i= WNe (1) 
where i is the electrometer current, W the airflow through the system, e the 
charge per ion and WN the concentration of large ions of one sign. However, in 
agreement with results reported by IsRaEL (1933), SrksNA (1952) and others, 
preliminary laboratory experiments showed the existence of atmospheric ions 
with mobility lower than the limiting value for this instrument. For this reason 
the theory developed by H. IsraEt (1931) is applied to determine the concentra- 
tion of atmospheric ions from the current-voltage characteristic of the large ion 
chamber. IsRAEL’s analysis shows that if the concentration of atmospheric ions 
remains constant during the period of measurement which in our experiments is 
approximately 20 minutes, then the concentration of charged particles of one sign 
in the mobility range k, to o0 is given by the equation: 


[oan = 2 — V dZ|aV (2) 
ky 


With Z = i/We plotted vs. V the applied potential (2) is the equation of a straight 
line which is tangent to the Z vs. V curve at the point k,«1/V and which inter- 


io 2] 
cepts the ordinate at the point dn. dn is the ion concentration in the mobility 


k 
range k to k+ dk. The limiting mobility k, is obtained from the relation, 
k, = W/4nCV, where W is the airflow, V the maximum applied potential and C 
is the capacitance of the chamber. 

In the free atmosphere the concentration of large ions is seldom constant, 
although the fluctuations at constant altitude were often found to be less than 
at the surface. If the ion spectrum does not vary significantly during the period 
of measurement, errors introduced in the current-voltage characteristic due to 
varying ion content can be eliminated with the experimental arrangement des- 
cribed above. The voltage on one of the two large ion chambers in parallel is 
varied in arbitrary steps while on the second, the “reference system,” a constant 
potential is maintained. A characteristic independent of the absolute number of 
ions is obtained by plotting Z/Z, vs. V; Z,) =%)/W ye is obtained from the ref- 
erence system. The analysis is essentially unchanged by this modification. Thus, 
the total ion concentration in the mobility range 2 x 10-4 to 0-7 cm?/sec-volt, 
which we will refer to as the large ion concentration, is equal to the value of the 
ordinate at the point where the tangent intercepts the ordinate times the average 
value of Z,. (All ions in the mobility region 0-7 cm?/sec-volt to oo are removed 
with the electrostatic filter.) A more detailed analysis of the current-voltage 
characteristic to obtain the size distribution of atmospheric ions in the range 
covered by the instrument will be given in a paper to be published shortly. 

The maximum experimental error in the measurement of electrical conductivity 
is +6 per cent; relative humidity +7 per cent; temperature +1°C. The experi- 
mental error in the large ion measurement due to the accuracy with which circuit 
parameters can be determined is +7 per cent. To this must be added an error 
which is a function of the magnitude of the large ion concentration; the error in 
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Figs. 3, 4, 5, 6. Variation of absolute humidity (A.H.), temperature (7), positive large ion 
concentration (N,) and total electrical conductivity (A) with altitude above sea level (Z). 
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the ratio Z/Z, is only a few per cent for concentrations above 1000 per cc and 
approaches 10 per cent for concentrations of the order of 200 per cc. 


4. OBSERVATIONS—VARIATION WITH HEIGHT 
(a) General description 


In Figs. 3, 4, 5, and 6 are shown the variation with altitude of electrical con- 
ductivity, positive large ion content, temperature, and humidity observed on four 
flights. The most striking characteristics of the vertical distribution of the 
measured parameters which have been observed on all fair weather flights are 
shown on these curves. The results show that in fair weather over continental 
areas the troposphere is divided into two layers with distinct electrical character- 
istics. The lower layer is characterized by high large ion content, high humidity 
and low electrical conductivity. At constant altitude in this layer the small ion 
content deduced from conductivity measurements is approximately inversely 
proportional to the large ion content. The conductivity, large ion, temperature 
and humidity records show that the horizontal variations of these parameters 
tend to decrease with altitude, except in the vicinity of the top of the layer where 
large fluctuations are usually observed. Hereafter, this lower region will be re- 
ferred to as the exchange (austauch) layer. The depth of the exchange layer has 
been found to vary from 1000 to 10,000 feet in the course of this investigation. 

At the top of the exchange layer a change to a more stable temperature lapse 
rate is observed, which sometimes consists of an inversion and which is always 
less than adiabatic. In a transition region varying in depth from a few hundred to 
a few thousand feet there is observed a sharp change in the large ion concentration, 
electrical conductivity, and humidity. During the course of these experiments 
the total conductivity has been found to increase in this region by factors ranging 
from 1-5 to 6 and the positive large ion content has been found to decrease by a 
factor of 1-5 to 100. Horizontal variations of the electrical properties and humidity 
reach a maximum in this region. Passing upward through this region a noticeable 
decrease in mechanical turbulence is also observed throughout the daylight hours. 
This is noted by a pronounced decrease in the random tossing of the aircraft and 
also by a sharp decrease in the instantaneous fluctuations about the mean in the 
aerograph air speed records. Above this transition region, the large ion content 
is reduced to very low values often close to zero, and the electrical conductivity 
increases rapidly with altitude in the same manner as determined from earlier 
experiments. 

To illustrate the general nature of the distribution described above, the results 
of conductivity and large ion measurements obtained on nine flights chosen at 
random between December 1952 and August 1953 over a fixed flight path in New 
Hampshire are summarized in Figs. 7 and 8. As shown on the figures, H, the 
depth of the exchange layer, varies between 3200 and 9500 feet. In Fig. 7, the 
ratio of the height h at which constant altitude measurements were obtained to the 
height H of the exchange layer is plotted as a function of the ratio A,,/A,. 2,, is the 
measured value of conductivity at height A and 4, is the computed conductivity 
value assuming equilibrium exists between the production of small ions by cosmic 
radiation and their destruction by volume recombination. Using the results of 
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Fig. 7. Aircraft altitude (h)/height of exchange layer (H) vs. conductivity measured 
(A,,)/conductivity computed from cosmic ray data (A,). 
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Fig. 8. Aircraft altitude (h)/height of the exchange layer (H) vs. positive 
large ion concentration (N ,). 
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THomMsoNn’s theory for the volume recombination coefficient, the polar conductivity 
of air is given by the expression: 


ek, M"'* iF 1/2 P, 1/2 T 5/4 
A = — Cia (=) (7) (7) (3) 


where e is the charge per ion, ky and J, are mobility and ionization intensity at 
N.T.P., ie., at 7’) = 273° absolute and P, = 760mm Hg. UM is the average 
molecular weight of ions in air, C is a constant with the value 1-73 x 10-5 cm’ sec-}, 
e is a probability function which is a function of temperature and pressure. The 
exact expression for A, was used in the present computation because the approxi- 
mation used in CALLAHAN et al. (1951) does not hold with sufficient accuracy below 
5000 feet. This manner of representing the results is necessary to illustrate the 
general features of the distribution because of the large variations in the height of 
the mass exchange layer from day to day. Above the exchange layer the ratio 
4/4, Should approach unity if the simple type of equilibrium assumed in the 
derivation of equation (3) exists. The results show a maximum deviation of 
10 per cent from this value which may be due to statistical fluctuations in cosmic 
ray intensity or to small variations in the value of the constants used in the com- 
putation of 2,. Large fluctuations in this ratio are to be expected in the exchange 
layer because of large variations in nuclei content and rate of production of ions 
from day to day. The results given in Fig. 7 show a maximum fluctuation about 
the mean of approximately 80 per cent. In Fig. 8, h/H is plotted as a function of 
N.,, the concentration of positive large ions. The layer-like nature of the con- 
ductivity and large ion distributions in the troposphere is clearly indicated by 
these figures. The application of these simultaneous large and small ion meesure- 
ments to a study of ion equilibrium in the exchange layer will be discussed in a 


later paper. 


(b) Variability of profile in exchange layer 
Figs. 3 to 6 were chosen to illustrate the general features of the vertical distribution 
of the electrical parameters in the lower troposphere and to show the variability 
in the height of the exchange layer, in the magnitude of the measured parameters 
and the complexity of the profile often observed in the exchange layer. In general, 
the observed profiles can be explained in terms of the vertical temperature distri- 
bution and horizontal winds; for example, significant changes in the distribution 
of charged nuclei are always accompanied by changes in the temperature lapse rate. 

Since in the exchange layer, it has been found that variations in conductivity 
are largely brought about by changes in nuclei content, it is considered sufficient 
to describe only the charged nuclei distributions in further detail. In this region, 
the profiles of charged nuclei can be roughly divided into five types which are 
illustrated in Figs. 3 to 8. 

(1) Approximately 55 per cent of the results show a decrease with altitude 
to the top of the exchange layer. See Fig. 3 and curves 1, 3, 4, 6, 8, 9 of Fig. 8. 
This is usually accompanied by a small increase of A, a continuous decrease in 
absolute humidity with altitude and an approximately constant temperature 
gradient from 1000 feet to the top of the layer. 
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(2) A nearly uniform distribution with altitude has been observed throughout 
the exchange layer on about 5 per cent of the flights. See curve 2 of Fig. 8. This 
type of distribution is accompanied by high winds, intense turbulence and an 
adiabatic temperature lapse rate. The conductivity and absolute humidity 
distributions are similar to type 1. Both types 1 and 2 were usually developed by 
early afternoon and thus are characteristic of a fully developed turbulent layer. 

(3) On approximately 10 per cent of the flights there was observed first a 
decrease, then an increase with altitude to the top of the exchange layer. See 
Fig. 4 and curves 5 and 7 of Fig. 8. As shown in Fig. 4 the conductivity distri- 
bution is roughly the inverse of the large ion distribution. When this type of 
distribution was observed a cloud deck often developed later in the day in the 
region of increase of large ion content with height. 

(4) Several of the late afternoon and evening flights, approximately 10 per 
cent of the total, show first an increase with altitude, then a decrease to the top 
of the exchange layer (see Fig. 5). The temperature gradient is observed to be 
more stable at lower levels than at intermediate levels. The results suggest that 
although the source of nuclei has been cut off, enough residual turbulence remains 
to transport vertically nuclei that have been previously introduced into the 
atmosphere. 

(5) The morning flights, consisting of about 20 per cent of the total, generally 
show the most complicated nuclei distributions. Then the magnitude of the nuclei 
content up to the level to which turbulence has penetrated is significantly higher 
than the concentration at higher altitudes in the exchange layer. See Fig. 6. 


(This example is further complicated by an increase of nuclei at the top of the 
exchange layer, characteristic of type 3.) Periodic measurements carried out 
throughout the day show that when vertical mixing penetrates to the top of the 
exchange layer, usually by early afternoon, this develops into a distribution of 
types 1, 2, or 3. 


(c) Limits of variation 

The limits of the variation in the electrical parameters, conductivity and positive 
large ion content as a function of height above sea level observed during the 
period of this investigation are shown in Table 1. Along the flight path the 
elevation of the surface above sea level was approximately 250 feet. The limits of 
variation in total nuclei content can be obtained by using the experimentally 
determined value 2-5 for the ratio of uncharged to charged nuclei (LANDSBERG, 
1938, p. 210) and in agreement with the results of the present experiments assuming 
the positive large ion content equal to the negative. The extreme variability of 
these parameters in the altitude range 3000 to 9000 feet is partly due to the fact 
that these levels were sometimes in the exchange layer and sometimes above it. 
The variation indicated at 2000 feet is representative of the variation at a given 
level when the results are restricted to data obtained in the exchange layer. The 
limits of variation above 10,000 feet were 0-500 ions/cc except for three days in 
August when nuclei penetrated the boundary of the exchange layer. Changes in 
air mass accounted for some of the largest variations in nuclei content observed 
on successive days. Arithmetic means of electrical conductivity and positive 
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Table 1 





Total conductivity (sec-1) e.s.u. x 104 N.,, (no./em) 





Altitude 
above 
sea level | Limits of : Limits of 
( feet) variation In variation 


Mean Mean 








In Above 


exchange exchange exchange 
layer 


1,000 0-62— 3-10 1-71 496—14,000 
2,000 0-30— 5-70 1-95 131— 7,000 
3,000 0-32— 6-00 2-45 O- 5,700 
4,000 0-40— 6-38 2:80 : 4,887 
5,000 1-32— 6-70 3°52 : 4,120 
6,000 0-80— 7-21 4-45 , 3,280 
7,000 1-50— 8-59 4-48 ‘ 1,920 
8,000 1-65— 9-52 4-79 . 2,320 
9,000 3-75-10-28 5-37 ; 1,650 
10,000 4-26-11-10 — ‘ 1,200 
12,000 6-92-14-58 — ; 875 
15,000 7-38-19-75 — . 2,450 























large ion content for all observations are also given in Table 1. At altitudes which 
were sometimes in the exchange layer and sometimes above it, means were com- 
puted for these two cases. The average values must be viewed with caution, since 
the vertical distribution obtained from these values does not give an accurate 
picture of the profile on individual days. 


(d) Variation with area 


The general character of the vertical distribution described above is found to be 
essentially unchanged with area even over mountainous regions. Experiments 
carried out in the summer months in the mountainous regions of Southern Cali- 
fornia over peaks up to 14,000 feet above sea level show that the exchange layer 


Fig. 9. Variation in height of exchange layer over mountain. 


exists over mountains but is reduced in height as indicated in Fig. 9, where the 
dashed line indicates the fop of the exchange layer. The layer in this region was 
found to vary from a few hundred to 5000 feet in depth. Thus, the records show, 
for example, the electrical conductivity 1000 feet above a peak 7000 feet above 


- 
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sea level was four times lower than the conductivity 8000 feet above sea level over 
a valley a few miles away. These results lead us to believe that the large differences 
between the conductivity values reported by PLUVINAGE and STAHL (1953) at 
Central Station, Greenland, altitude 2-99 km during July and August 1951, and the 
results of our earlier measurements at the same altitude in the free atmosphere 
are due to the fact that the exchange layer extended above Central Station during 
the period of measurements. During the winter months when convection is 
greatly reduced, undoubtedly the exchange layer does not penetrate the top of 
many high mountains; then this important difference between surface and free 
air measurements will be reduced or entirely eliminated. 

These experiments have been carried out through all months of the year. The 
most significant seasonal trends are an increase in the average height of the 
exchange layer in the summer months; in New England the average height in 
January and February was approximately 4500 feet, while in August it extended 
to approximately 8000 feet. There was also observed a higher nuclei content on 
the average above the exchange layer in the summer months. Two flights in 
August show that large ions penetrated the boundary region in the middle of the 
day as turbulence reached a maximum even though the temperature gradient 
remained very stable in the vicinity of the boundary. 


5. Discussion OF RESULTS OF SECTION 4 


(a) Identification with friction layer 

The simultaneous measurements of temperature and humidity distributions as 
well as the information obtained on atmospheric turbulence, described in the 
last section, show that in general the exchange layer is to be identified with the 
layer found in many meteorgraph records which meteorologists refer to variously 
as the austauch, friction, turbulent and boundary layer. The layer is characterized 
by a nearly adiabatic temperature lapse rate with a sharp decrease in lapse rate 
at the top, uniform specific humidity and in many cases obviously produced by 
frictional turbulence. It is the layer in which the horizontal wind velocity differs 
from the wind velocity in the general circulation because of the frictional influence 
of the surface of the earth. There were, however, a few occasions when the 
boundary of the exchange layer defined as the altitude at which very rapid changes 
in the electrical properties were observed did not coincide with the boundary 
friction layer familiar to meteorologists. For example, upon the arrival of a new 
air mass the height of the exchange layer was found to be lower than the friction 
layer and very unstable. After several hours of turbulent mixing, this height 
became equal to the height of the friction layer. 

Application of thermodynamic principles to the observed temperature distri- 
bution shows how the upper boundary of the exchange layer acts as a barrier 
to the vertical transport of nuclei, water vapour, etc. Upward moving elements 
of air are cooled at the adiabatic lapse rate (approximately 1 degree C for every 100 
metres of ascent) so that as soon as an air sample passes through the top of the 
exchange layer its temperature is less than its surroundings. The density of the 
upward moving element will then be greater than that of its surroundings and 
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thus it will sink back to a lower level unless a very strong mechanical force pushes 
it upward. The same analysis applies for a downward moving element. 


(b) Role of atmospheric turbulence 


The principal factors controlling the mean state of turbulence in the atmosphere 
and thus the vertical distribution of nuclei and all physical properties produced 
at the surface are known from past investigations (Compendium of Meteorology 
1951). The most important of these are gradient wind velocity, roughness of the 
surface, vertical temperature distribution, and latitude. Results showing the 
dependence of the profile of the electrical properties on temperature lapse rate 
and wind velocity were indicated in the last section. 
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Fig. 10. Height of exchange layer vs. surface wind speed. 


The theoretical investigations of the effect of turbulence on mean motions in 
the atmosphere by Rosspy and MontGomeEry (1935) give a definite upper limit 
to the layer of frictional influence which can be written in the form: 


(4) 


where C is a constant, W, is the total wind velocity at anemometer height z,, 
the Coriolis Parameter f = 2w sin L, where om is the angular velocity of the earth 
and L the latitude, z) is a length characteristic of the roughness of the ground. 
Thus, over a region with constant roughness parameter z), the height should be 
proportional to the wind velocity at anemometer level. All data on the height of 
the exchange layer over the New England flight path has been plotted as a function 
of wind velocity for the same period obtained from local surface stations to 
determine whether surface wind measurements can be used to predict the height 
of the exchange layer for individual days. As shown in Fig. 10, however, a linear 
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relation is not found. This disagreement is probably largely due to the simplifying 
assumptions made in the development of the theory where an adiabatic tem- 
perature lapse rate and gradient wind direction and velocity constant with 
elevation were assumed. Because it was realized that extraneous influences such 
as large temperature inversions or marked instability at the surface might cause 
wide scatter of individual results, RossBy and his collaborators used averages of 
large numbers of observations for the original check of the theory. 

These results indicate that interested surface stations could not obtain a re- 
liable estimate for the height of the exchange layer from the Rossby theory. 
However, comparison of the present results with simultaneous balloon sonde data 
shows that H can be accurately obtained from temperature and humidity balloon 


sonde records. 


(c) Small ion equilibrium 
The small ion equilibrium equation can be written in the form: 


qq= an? + bnN (5) 


where qg is the rate of production of small ions, « is the volume recombination 
coefficient, n is the concentration of small ions of one sign which is related to the 
polar conductivity by the expression A = nek; k and e are the mobility and 
charge respectively of the small ion, N is the concentration of charged nuclei (large 
ions) of one sign, the coefficient 6 = m5 + yeoN,/N, and is thus a function of 
the combination coefficients for collisions between small ions and nuclei and of 
the ratio of uncharged to charged nuclei. The present observations show that 
throughout the exchange layer in fair weather fnN is 10 to 30 times greater than 
an® which means that destruction of small ions by collisions with nuclei is the most 
important factor removing small ions. Thus, through their control of the vertical 
distribution of atmospheric nuclei, meteorological factors have a dominant 
influence on the electrical conductivity of the atmosphere in this region. Further- 
more, experiments now in progress, which are being carried out periodically 
throughout the day show a systematic daily variation of electrical conductivity 
and nuclei concentration limited to the exchange layer, due to the action of the 
daily cycle of turbulence. 

Above the exchange layer the influence of nuclei on the electrical conductivity 
terminates abruptly and in agreement with earlier measurements to higher alti- 
tudes in the troposphere, the variation of conductivity with height is found to 
be determined by the simple equilibrium relation gq = an? (see Fig. 7). Also above 
the exchange layer no systematic daily variation in the electrical parameters has 
been found. This is to be expected, since the diurnal variation in cosmic radiation 


is negligible. 


(d) Columnar resistance over continents 

It is of interest to consider the effect of these results on our understanding of the 
columnar resistance of the atmosphere over continents. The resistance R of a 
vertical column of the atmosphere 1 cm? in cross section extending from the earth’s 
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h 
surface to the height h is equal to { r dh; the atmospheric resistivity r = 1/(A, + /_). 


0 

The results of the balloon Explorer II indicated that the total columnar re- 

sistance from the earth to the upper conducting layers was of the order of 10?! 

ohms. The present results give values of R varying from 9 x 10° to 2-5 x 10! 

ohms. R was computed from conductivity values; measured values were used 

to 15,000 feet and values computed from equation (3) assuming cosmic radiation 
the only source of ionization were used at higher altitudes. 
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Fig. 11. Resistance (R) of air column 1 cm? in cross section as a 
function of altitude above sea level (Z). 


Computations of the resistance of a vertical column one cm? in cross section 
from the surface to the top of the exchange layer have been found to vary con- 
siderably from day to day and with time of day and amount to from 40 to 73 per 
cent of the total resistance; the average value was found equal to approximately 
60 per cent of the total. These results were obtained in a relatively unpolluted 
area. The contribution of the resistance of the exchange layer to the total in 
industrial areas must be greater on the average. Variations in the resistivity of the 
exchange layer brought about by meteorological factors will therefore have a 
significant influence on the total columnar resistance of the atmosphere even 
though it is generally restricted to the lowest three kilometres. 

As would be expected from the previous discussion, the altitude variation of 
R computed from conductivity values is subject to considerable variation. The 
results obtained on three flights chosen arbitrarily are given in Fig. 11; the altitude 
variation of R obtained from the Explorer II results is given for comparison. 
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The results given in Section 4 qualitatively agree with the atmospheric model 
suggested by G. R. Wart (1942) and later employed by H. IsRaEL to explain atmo- 
spheric electric measurements at the ground. Wait assumed that the columnar 
resistance could be considered as divided into two parts; R,, a lower component 
varying with local time and R,, a component constant in time. However, the 
assumptions made in determining the height to which local influences penetrate 
leads to misconceptions about the electrical characteristics of the atmospheric 
friction layer. For example, the present experiments show that the height of the 
layer often varies in a systematic manner through the day and is also found to 
vary many thousands of feet from day to day in a given season. Furthermore, 
the assumption that the atmospheric resistivity is constant throughout the exchange 
layer is not valid in general. 

6. VARIATIONS IN THE HORIZONTAL 


Above the exchange layer in fair weather in a given air mass horizontal variations 
in electrical conductivity, large ion concentration and relative humidity were 
usually found to be small, amounting to not more than 10 per cent of the mean 
value at constant altitude. In the exchange layer, in addition to the small, gradual 
variations observed at higher altitudes, large rapid fluctuations were often ob- 
served which sometimes amounted to more than a 100 per cent change in the 
mean value at a given level. These fluctuations usually consisted of an abrupt 
deviation from the mean value which continued over distances from a few hundred 
feet to several miles and then a rapid return to the original value. These localized 
variations tend to decrease with altitude in the first few thousand feet, then 
increase within a few thousand feet of the top of the exchange layer, reaching a 
maximum in the transition region. Over 95 per cent of the results show that in 
the relative humidity range (10 to 80 per cent) a definite relation exists between 
variations in the electrical parameters and relative humidity; that is, an increase 
in large ion concentration is accompanied by an increase in humidity and decrease 
in electrical conductivity, and vice versa. Examples of this relation are shown in 
Figs. 12 and 13, where portions of records are reproduced. Large ion content, 
conductivity, temperature, pressure and humidity are plotted as a function of 
time: one minute corresponding to approximately 2? miles. 

Several flights were analyzed in considerable detail to determine whether this 
observed relation between the electrical parameters and relative humidity was the 
result of a common cause or due to a functional relation between them. The 
analysis strongly supports the former explanation, that is, that the observed 
relation is due to turbulent and convective transport of parcels of air in non- 
uniform regions of the atmosphere where water vapour and nuclei are subject to 
the same laws of vertical transport. 

The following discussion is given in support of this explanation. (1) The 
temperature measurements obtained simultaneously show that when the pre- 
vailing temperature lapse rate departs appreciably from the adiabatic the variations 
in large ion content, conductivity and humidity are accompanied by a change in 
temperature (Figs. 12 and 13). Whether the temperature is greater or less than 
the mean temperature of the layer depends on whether the parcel has been 
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Fig. 12. Horizontal variation of large ion content, electrical conductivity, 
relative humidity, and temperature. 
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transported from a higher or lower level. The prevailing lapse rate is always equal 
to or less than adiabatic. (2) At all altitudes large ion vs. humidity curves show that 
an increase in large ion content corresponds to an increase in humidity, and vice 
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Fig. 13. Horizontal variation of large ion content, electrical conductivity, 
relative humidity, and temperature. 











versa; however, there was found no correlation between the absolute values of 
large ion content and humidity at a given altitude from day to day. In general, 
the results obtained above the exchange layer showed less dependence on humidity 
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than those obtained in it. (3) The ratio of large ion concentration just before to 
the concentration just after a variation was plotted as a function of the ratio of 
the relative humidities observed at the same times to determine whether an exact 
relation existed between these variables independent of their absolute values at a 
given altitude. No correlation was observed between the resulting ratios from day 
to day. For example, for four days analyzed in this manner a humidity ratio of 
1-2 corresponded to large ion ratios of 1-25 to 7-0 at 6000 feet. (4) For the localized 
fluctuations a good correlation was obtained upon comparing relative changes in 
large ion content at level A with the ratio of the mean value at level A to the mean 
value at level B obtained from the vertical distribution curves. The magnitude 
of the relative humidity was used as reference to determine from what level 
(altitude B) a parcel of air had been transported, neglecting diffusion, ete. 

Since these experiments were carried out down to 700 feet above the surface, 
the same interpretation should be applicable to results obtained at the surface 
away from intense sources of nuclei. However, if a statistical analysis of the 
surface data is made, these relations may be obscured by air mass changes with 
time. 

SUMMARY 
The present investigation has shown that there exists a layer adjacent to the 
surface of the earth which we refer to as the ‘““Exchange” Layer: 

1. The height of this layer varies between 1000 and 10,000 feet, with an average 
value of approximately 6000 feet. It varies with season, reaching a maximum 
in the summer months. 

2. At all altitudes in the exchange layer, the limits of variation of charged 
nuclei were greater than an order of magnitude for the days investigated. 

3. The vertical distributions of large ions can be roughly divided into five 
types which can be explained in terms of atmospheric turbulence, i.e., temperature 
gradient, horizontal winds, etc. 

4. Throughout this layer the small ion content, and therefore, the electrical 
conductivity is determined primarily by the magnitude of the nuclei concentration. 

5. Horizontal variations of large ion content, conductivity, and humidity 
reach a maximum in the transition region at the top of the exchange layer. 

6. At the top of the layer, a change to a more stable temperature lapse rate is 
observed. 

7. A sharp change in the magnitude of the absolute humidity, nuclei content 
and conductivity is observed at the top of the layer. 

8. A reliable estimate of the height of the layer can be obtained from tem- 
perature and humidity balloon sonde records. The Rossby Theory does not hold 
with sufficient accuracy for individual days. 

9. In general, the profiles of absolute humidity and charged nuclei are similar. 

10. The exchange layer exists over mountains, though reduced in height. 

11. The exchange layer was found to contribute 40 to 73 per cent to the total 
columnar resistance of the atmosphere. 

12. The exchange layer can be identified with the atmospheric friction layer. 

13. Immediately above the transition region the concentration of charged 


nuclei of one sign averages approximately 200 ions/cc. 
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14, Above the exchange layer the electrical conductivity is determined 
primarily by the intensity of cosmic radiation, in agreement with earlier 
experiments. 


General 

15. In the cases examined, the ratio N.,/N_ was found equal to unity on the 
average with a maximum departure of +0-17, in the altitude range 1000 to 
15,000 feet. 

16. Over 95 per cent of the results show that at constant altitude an increase 
in large ion concentration is accompanied by an increase in humidity and by a 
decrease in conductivity. Analysis indicates that this relation is due to the 
turbulent and convective transport of parcels of air in regions of the atmosphere 
where water vapour and nuclei are subject to the same laws of vertical transport. 


The authors wish to acknowledge the work of RoLanD Matson and Maria 
MAHONEY, who assisted in carrying out the experiments and in the analysis of 
the data. We also thank the personnel of the 6520th Flight Test Squadron, 
Hanscom Air Force Base, Bedford, Massachusetts, who flew and maintained 
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widely separated stations 
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ABSTRACT 


Simultaneous normal incidence 2 Mc/s ionospheric absorption measurements made daily at noon at 
Slough and Swansea (230 km apart) have been compared. The same measuring technique has been 
employed at the two stations. The correlation between the two sets of measurements is generally high. 
The average correlation coefficients between daily observations are 0-85 and 0-81 for the winter and 
summer months respectively. Some measurements in which variations in the received signal intensity 
from c.w. senders at distances of 366 km and 666 km have been compared with normal incidence ampli- 
tude measurements on the equivalent frequency are also described. These, and the Slough-Swansea 
observations, give some indication of the progressive decrease with increasing distance in the degree of 
correlation between simultaneous ionospheric absorption measurements at different stations. The use 
of simple field strength recording as a quantitative measure of ionospheric absorption is briefly considered. 


INTRODUCTION 


In a recent publication RAWER (1951) has compared ionospheric absorption measure- 
ments made at two stations, Freiburg and Slough. These stations are some 400 km 
apart and the observations concerned referred to noon measurements over a period 
of 26 months. It was noted that, in general, the correlation coefficient for the two sets 
of data was positive but only of the order of 0-5. On individual days the differences 
between the values measured at the two sites was sometimes quite appreciable. It 
was suggested that part of these differences might represent real differences in 
ionospheric absorption at the time of the experiments but this conclusion was some- 
what uncertain since the method of measurement was not the same at the two 
stations, and, as RAWER states, the consequences of this need further investigation. 

In the present paper we describe experiments of a similar character carried out 
at Swansea during 1951 in which absorption measurements have been compared 
with those made daily at the Radio Research Station, Slough. In this case the 
distance between the two observing sites is smaller than that in the work mentioned 
above and furthermore the comparison has the advantage that the same method of 
measurement was used at the two stations. 

In addition, we describe some experiments in which the intensities of signals from 
two short wave broadcasting stations have been compared with vertical incidence 
amplitude measurements. In this way we have obtained some supplementary infor- 
mation on the spatial variation of ionospheric absorption and on the application of 
such data to simple oblique incidence problems. 


2. EXPERIMENTAL TECHNIQUE 


In these experiments the usual pulse sender and receiver have been used with signals 
incident normally on the ionosphere. The effective reflection coefficient has been 
calculated from a comparison of the mean amplitudes of the successive echo reflec- 
tions. If these mean amplitudes be represented by A,, A,...A, and if p and p, 
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represent the reflection coefficients of the ionosphere and ground respectively then 


we have 
2A, fe ( 
= ———_- = oa a ] 
PPg ra A, (1) 


For the wavelengths concerned in our experiments we assume p, = 1. 

The actual measuring procedure was identical with that which has been employed 
for many years at the Radio Research Station, Siough, and which has been described 
in detail by Piccort (1953). The echo signals reflected by the ionosphere are viewed 
on a cathode ray tube and an accurately calibrated attenuator is continually 
adjusted (approximately once every 10 seconds) so as to maintain a preselected echo 
amplitude. For calculating the absorption the average of many such amplitude 
measurements is used, so that errors dite to short period amplitude fluctuations are 
reduced. Further discussion of the inaccuracies of the technique is given below. 


2.1. Absorption measurements and signal fading 


In experiments of this kind some care is necessary in applying formula (1) since it is 
strictly only applicable to the reflection of signals between a perfectly smooth iono- 
sphere and ground. Irregularities in one or both of these reflectors, in particular 
variable irregularities in the ionosphere, impose some limitations on its practical 
application. The observed fluctuations in the amplitude of a single echo signal re- 
flected from the ionosphere may result from a number of causes such as direct changes 
in electron density and/or height of the reflecting layer, or may arise indirectly from 
such changes by giving rise to variations in the state of polarization of the reflected 
signal. RATCLIFFE (1948) and others have suggested that the net signal received is 
not that due to a single mirror-like reflection but rather consists of a number of 
separate signals reflected from an appreciable area of the ionosphere. Interference 
between these signals gives rise to the observed variability in the amplitude of the 
observed echo signal. In attempting ionospheric absorption measurements by 
measuring the amplitudes of signals reflected by the ionosphere some means has to 
be adopted whereby the amplitude changes characteristic of true changes in iono- 
spheric absorption may be singled out from changes due to other causes. In practice 
the amplitude of a single echo from the ionosphere sometimes varies by factors of 
the order of 10 in an interval of a few seconds, and, without special arrangements 
whereby the various possible causes of echo fading are successively identified and 
eliminated, it would appear impossible to determine those variations in ionospheric 
absorption of period comparable with that due to these other causes. In these 
experiments it is assumed that by averaging values over a period which is long 
compared with the period of the fading due to other causes, such as polarization 
changes, a mean amplitude is obtained which can be taken as a measure of the average 
ionospheric absorption over the period concerned. The question then arises as to 
what constitutes a reliable sample of amplitude measurements and in deciding this 
point we have, in practice, to be guided by the facts that in too small a sample the 
variations due to extraneous factors may predominate over those due to ionospheric 
absorption and that in obtaining a very large sample of amplitude measurements 
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appreciable changes in the ionospheric absorption may occur during the period of 
observation. Some guidance in this matter was obtained from a series of preliminary 
experiments which are described in the next section. 


2.2. Sampling of amplitude measurements 

During October 1950 some experiments were made on a frequency of 2-0 Mc/s in 
which 200 measurements of the amplitude of an EZ echo were taken, at intervals of 
10 seconds, within the period 1200-1300 G.M.T. The immediate post-noon period 
was chosen for these tests since on the average one could expect the ionospheric 
absorption to remain sensibly constant over this period. An examination of the 
monthly mean diurnal variation curve of ionospheric absorption shows this to be a 
reasonable assumption. We further assume that the mean of the 200 measurements 
is the correct value to be used for calculating the absorption. To estimate the 
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Fig. 1. Sampling of amplitude measurements. Variation in percentage standard error 
with size of sample. Observations taken at 10 sec intervals. Dotted curve shows variation 
expected for random values. 
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reliability of any group of consecutive amplitude measurements we considered the 
means of every possible sample of 2, 5, 10, 20, 40, 80, 120, and 160 consecutive values 
selected from the total 200 amplitude measurements. For each sample we deter- 
mined the deviation of the mean of the sample from the grand mean. In this way a 
series of running averages of amplitude measurements was obtained for each group 
in turn and the standard error (i.e., the root mean square deviation) of these averages, 
expressed as a percentage of the mean of the whole set of 200 measurements, was 
then determined. The mean values of the standard errors, for the samples of different 
sizes, for all days of observation were then computed. The variation. of the per- 
centage standard error with the size of sample is shown in Fig. 1. The curve of 
Fig. 1 enables one to estimate the average standard error to be expected for a group 
of consecutive amplitude measurements at 10 second intervals. Thus the average 
standard error for a sample of say 20 successive measurements taken at intervals of 
10 seconds near noon is likely to be about 30%. A similar series of tests with a 
different observer was made in March 1952. The results of this test are also included 
in Fig. 1. The remarkable agreement between the two sets of results indicates that 
the mean curve has real significance. 
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We also examined the consequences of selecting amplitude measurements spread 
uniformly over the whole period of the observations rather than taking groups of 
successive 10 second observations. By selecting values in this way, we make some 
allowance for variations in ionospheric absorption which may have occurred over 
the whole period concerned. In this analysis the same sets of 200 measurements have 
been studied. Each set was first divided into 2 groups each of 100 consecutive 
measurements and 100 samples of 2 measurements selected by taking the first of 
each group, then the second member of each group, and so on. The percentage 
standard error for this set of 100 samples of two observations was then calculated. 
This procedure was repeated for samples of 10, 20, 40, 80, and 120 measurements 
selected in a similar manner so as to be uniformly spread over the whole observation 
period. This was carried out for all days of observation and the data combined to 
give the average values of the percentage standard error for the samples of different 
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Fig. 2. Sampling of amplitude measurements. Variation in percentage standard error with size of 
sample. Observations uniformly distributed over whole observing period. 


size. The mean values so obtained are plotted in Fig. 2. This curve enables one to 
estimate the error to be expected when a sample of measurements spread uniformly 
over the whole period of the observations is made smaller and smaller. For example, 
if near noon a sample of 20 measurements uniformly spread over a period of about 
35 minutes (the actual time required for the 200 measurements) is taken, then a 
standard error of about 15° may be expected. 

A comparison of Figs. 1 and 2 indicates, as one might expect, that on the average 
it is preferable to spread a given number of amplitude measurements over a long 
period rather than concentrate them into a short period. Thus for 40 measurements 
taken over a period of about 8 minutes the standard error to be expected is about 
25°, whereas for the same number of measurements taken over a period of about 
35 minutes the standard error is about 10%. 

If the amplitude measurements were completely independent and distributed 
in a random manner about the mean, the standard error o, of the mean of a sample 
of n measurements would vary approximately inversely as the square root of the 
size of the sample, 


ie., o, =0,/Vn (2) 
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where og, is the standard error of the individual values. For comparison with the 
observed variations the mean curve obtained from an identical analysis, but using 
sets of 200 values taken from tables of figures in random order, is also plotted in 
Fig. 1. The difference between the experimental curve and that for random values 
is clear and serves to emphasize the degree of conservation (cf. CHAPMAN and 
BaRTELS, 1940) which exists in sequences of amplitude measuréments. 


3. Absorption measurements at Swansea and Slough 

We now consider the results of a series of vertical incidence absorption measure- 
ments made daily near noon at Swansea over the period September 1950—August 
1951. The measuring technique employed at Swansea is very similar to that 
employed at the Radio Research Station, Slough, and hence we can justifiably 
compare the results obtained daily near noon at the two stations. The Slough 
values are taken from the published Bulletin of ionospheric data. 

Slough is situated some 230 km in a direction almost due east of Swansea and 
ionospheric absorption measurements are made there each day near noon on a 
number of selected frequencies, viz., 2-0, 2-4, 2-8, 3-2 and 4-0 Mc/s. For the present 
investigation it was decided to restrict the comparison to the lowest frequency 
since it was felt that measurements on this frequency might be expected to be least 
liable to disturbance by such factors as local. variations in critical frequency of the 
normal region £. 

The daily noon values of the ionospheric absorption —log, p for the two stations 
for the 12 month period are shown in Fig. 3. (It should be noted that for convenient 
presentation we have omitted days on which simultaneous observations were not 
made and plotted the remaining days in sequence.) Fig. 3 shows that in general 
there is quite close correlation between the two curves. The absolute values of the 
ionospheric absorption are sometimes different but the relative day-to-day changes 
follow one another closely. The curves suggest an appreciable difference in the 
estimates of the absolute magnitude of the ionospheric absorption throughout the 
month of September 1950, but this is almost certainly due to an inaccurate cali- 
bration of the equipment at Swansea, this being the first month of measurements 
at that site. A study of Fig. 3 shows that the differences between the two sets of 
values are generally smaller in the summer than in the winter months. It is prob- 
able that part of this seasonal difference is due to the anomalously high and variable 
absorption which occurs on many winter days. 

The monthly mean values, the standard deviations and correlation coefficients 
are given in Table 1. Although individual monthly values for the absolute magni- 
tude of the ionospheric absorption differ by as much as 0-7 neper (omitting 
September 1950 for reasons already mentioned) the average values over the whole 
period agree to within 0-2 neper. Both sets of values indicate a much greater day- 
to-day variability in absorption during the winter compared with that during the 
summer months. The average standard deviation of the Swansea measurements 
is a little smaller than that for Slough and this is almost certainly due to the fact 
that the absorption values for Swansea involve a mean of 120 amplitude measure- 
ments whereas 50 values are taken at Slough. The correlation coefficients are in 
general quite high, the average for the year being 0-74. 
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Table 1. 2 Mc/s vertical incidence absorption measurements at Swansea and Slough 





Mean value of Standard 


absorption (nepers) deviation | : 
™ | | Correlation 


Month es -| coefficient 





Swansea | Slough Swansea | Slough 
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September (1950) | 0-54 
October ° | 0-85 
November | 1-21 
December 1-20 
January (1951) 1-62 
February | | 1-15 
March | | 0-63 
April | 0-78 
May | 0-71 
June . | 0-63 
July | . 0:42 
August | . 0-64 





Mean values 
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3.1. Comparison with the results of RAWER 


As stated in the introduction Rawer (1951) has published the results of a similar 
kind of analysis in which absorption values for Freiburg were compared with the 
published Slough values. Freiburg is approximately 400 km south-east of Slough. 
In the case of the 2 Mc/s measurements RAwer found a correlation coefficient of 
0-5 (median monthly value) over a period of 26 months. For several of the 26 
months considered, an insignificant or even negative correlation between the Slough 
and Freiburg measurements was noted. From this and other comparisons of 
absorption data from the two stations RAWER concluded that the results were to 
some extent inconclusive in that they did not establish whether the differences 
were really due to true differences in ionospheric absorption or to other factors such 
as differences in measuring techniques. In the present work, although the average 
correlation coefficient is appreciably larger than that found by Rawenr, and all 
months show a very significant positive correlation, it must be remembered that 
the distance between the stations concerned is also considerably less and further- 
more that the measuring techniques are in the present case substantially the same. 

A study of Fig. 3 shows that on some days the measured values at Swansea and 
Slough differed by 1 or 2 nepers. We have given special attention to such cases 
and find that some of these differences are probably quite significant in that storm 
conditions with marked spatial and temporal variability prevailed at the time of 
the observations, but there remain a number of instances in which no obvious 
explanation for such large differences can be offered. 


4. OBLIQUE INCIDENCE CONTINUOUS WAVE SIGNALS AND 
VERTICAL INCIDENCE IONOSPHERIC ABSORPTION 


We now consider some experiments in which a comparison has been made between 
the day-to-day changes in the intensity of signals received from short wave broad- 
cast senders and in the vertical incidence ionospheric absorption on the “equivalent” 
frequency. The experiments yield additional information on the problem of 
defining the useful range of vertical incidence absorption measurements made at a 
single station. 

In this work recordings were taken daily of the received field-strength from two 
short wave broadcasting stations, viz., 


(a) The B.B.C. station GWL radiating on a frequency of 7-21 Mc/s and located 
at Skelton, some 366 km approximately north of Swansea. 


(b) The French station Allouis, frequency 6-3 Mc/s located 666 km approxi- 
mately south-east of Swansea. 


The signals were received on standard communication-type receivers each 
having a pen recording milliammeter inserted in the detector stage. Recordings 
were made daily for a period of one hour or more and the mean amplitude over the 
period was estimated from the ink record. 

In each case simultaneous vertical incidence pulse amplitude measurements 
were made on the appropriate “equivalent” frequency. (If fis the signal frequency 
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incident at angle i on the reflecting layer then fcosi is termed the “vertical 


incidence equivalent frequency.”’) 
We shall discuss the two sets of recordings separately. 


4.1. Signals from Skelton 

In this case the equivalent vertical incidence frequency was in the neighbourhood 
of 6 Mc/s—the exact value depending principally on the equivalent height of 
reflection of the layer at the time of the observations. In practice, the equivalent 
vertical incidence frequency varied from near 5-9 Mc/s in winter to about 6-2 Mc/s 
in summer. Measurements of the c.w. relative signal strength (S) and of the ampli- 
tude of the first order pulse reflection from region F’, (F') were made near noon on 
as many days as possible over the period October 1950 to January 1952 with the 
exception of September 1951. Monthly mean values of S and F are shown in 
Fig. 4. It will be seen that S and F are closely correlated. A study of the day-to- 
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Fig. 4. Monthly mean values of signal amplitude (S) from c.w. sender (Skelton 7-21 Mc/s) o——o 
and of first order F, reflections (/’) on the equivalent frequency + --- +. 


day correspondence between S and F shows that, with the exception of May and 
June 1951, the correlation is generally high. For the winter months November to 
January (1950-51 and 1951-52) the average correlation coefficient between daily 
values is 0-76. For the summer months May to July the corresponding average 
coefficient is 0-43. Although we have no conclusive evidence, the vertical incidence 
pulse observations indicate that during May and June 1951 local patches of 
sporadic H were almost certainly responsible for the reduced correlation between 
S and F during these two months. 


4.2. Signals from Allouis 

In this case the frequency of transmission (6-2 Mc/s) and the distance of trans- 
mission (666 km) were such that, at the time of the observations, simultaneous 
reflections from both regions HZ and F were probable. Thus for region £ reflections 
the equivalent vertical incidence frequency is near 2-0 Mc/s, and for region F, 
near 4:0 Mc/s. Here again the precise values of these equivalent frequencies 
varied a little from day to day but calculations indicate that the values would only 
vary slightly from these figures (2-0 and 4-0 Mc/s) and it was decided to make all 
the vertical incidence pulse measurements on these two frequencies. The signal 
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intensity from Allouis (S) and the vertical incidence pulse amplitude measurements 
on 2 Mc/s and 4 Me/s (first order reflections EH and F) were made daily between 
0915 and 1045 G.M.T. on as many days as possible between February and December 
1951, with the exception of September 1951. Monthly mean values of 8, F, and E 
are plotted in Fig. 5. No value for Z is shown for December 1951, since during that 
month fE was less than 2-0 Mc/s. It will be seen that there is clear correlation 
between S and both F and £. The general correspondence between the three 
curves in Fig. 5 shows that in these experiments the controlling absorbing layer 
must, in all three cases, have been located below region Z£, i.e., the major absorption 
occurred in the D-layer. Accepting this fact, it is then readily shown that the 
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Fig. 5. Monthly mean values of signal amplitude (S) from c.w. sender (Allouis 6-2 Mc/s) and of 
first order E and F reflections on the equivalent frequencies: S o——o; F + ---+; Ex i 


D-layer absorption of the F reflection must have been less than one half that of 
the £ reflection. This conclusion, that most of the signal consisted in the first 
F-region reflection, is borne out by the fact that in December 1951, due to the 
reduction of the vertical incidence E-region critical frequency below 2-0 Mc/s, the 
E signal must have been completely absent, yet there was no significant change 
in the signal intensity or in the degree of correlation. A study of the day-to-day 
correlation between S and E and S and F shows that, in general, it was not as close 
as was found in the case of the Skelton signals. The average correlation coefficients 
for three winter months November, December and February were 0-55 between 
S and E and 0-65 between S and F. These compare with an average of 0-76 found 
for the correlation coefficient between S and F during the winter months in the 
case of the signals from Skelton. In the case of the Allouis signals we again find a 
decreased correlation during the summer months. The average coefficient for the 
three months May, June and July is 0-33 between S and E and 0-30 between 8 
and F. In the case of the Allouis experiments throughout the summer period the 
critical frequency of region F, was always well above the equivalent frequency, 
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and the diminished correlation in summer is again to be attributed to the incidence 
of sporadic F ionization. 


5. Discussion oF RESULTS 
5.1. Absolute magnitudes of absorption values at Swansea and S!ough 


As stated in Section 3, the daily estimates of the noon ionospheric absorption at 
Slough and Swansea are based on groups of 50 and 120 amplitude measurements 
respectively. From Fig. 1 we estimate that for samples of this magnitude the 
average standard errors in amplitude are likely to be of the order of +22% and 
+10% respectively. Assuming an average value of —log, p of 4 nepers such 
errors in amplitude give rise to errors of about +0-1 to +0-2 nepers in estimates 
of the absolute ionospheric absorption. The analysis of Section 2.2 thus indicates 
that, on the average, sampling errors alone may give rise to differences of +0-3 
nepers between the daily measurements of —log, p at Slough and Swansea. It 
should be remembered that these represent average estimates and in individual 
cases much larger differences may occur. On the other hand in monthly mean 
values the inaccuracy due to this cause may be expected to be much reduced. 

From Table I it may be seen that over the year the mean values of —log, p at 
Swansea and Slough differ only by 0-14 neper (approximately 3 per cent). The 
small magnitude of this difference is fortuitous, since it is indeed much less than 
might be expected from errors in absolute calibration of the measuring equipments. 
However, a study of the individual monthly mean values shows some quite large 
differences particularly in the winter months. For example, in November, Decem- 
ber and January the differences between monthly mean values are 0-69, 0-55, 
and 0-39 neper respectively—an average difference of 14%. In the summer 
months May, June and July the differences between monthly mean values are 
—0-04, —0-04, and —0-22 neper—an average difference of only 2%. In con- 
sidering the apparent large differences in the mean winter values, consideration 
must be given to the mean standard deviations shown in Table 1. For the three 
winter months the standard deviation averages about 1-2 nepers (28%) whereas in 
summer it is approximately 0-6 neper (14%). This very marked seasonal difference 
in the day-to-day variability of ionospheric absorption at any one station is 
almost certainly related to the corresponding seasonal variation in the differences 
between monthly mean values. A study of the differences in the measured absorp- 
tion at the two stations on individual days shows that occasionally a large diver- 
gence coincides with magnetically disturbed conditions but there are many 
occasions in which no such explanation is possible. We have tried to detect a 
general correlation with magnetic activity, using as an index the sum of the Kp 
values for the periods 0-12 and 12-15 G.M.T. (Kp is the planetary three hour 
range index defined by BarTeExs, 1949.) In Fig. 6 the average magnitude of the 
difference between —log, p at Swansea and Slough for wide ranges of XKp is 
plotted. It will be seen that there is a wide scatter of the points with no evidence 
of correlation. Fig. 7 shows the effect of separating the data for the winter (Novem- 
ber, December, January) and the summer months (May, June, July). This shows 
that in the summer months there is again no correlation at all between magnetic 
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activity and the magnitude of the observed differences in absorption, but that in 
the winter period there may be slightly larger differences on days of high activity. 
It must be stressed that we are here using only a very limited sample of data and 
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Fig. 6. Magnitude of average daily difference in —log, p at Swansea and Slough 
and magnetic activity. 
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Fig. 7. Magnitude of average daily difference in —log, p at Swansea and Slough 
for summer and winter months. 
° o Summer x --- X Winter 
the suggestion of correlation with magnetic activity during the winter may not be 
statistically significant. In any case Fig. 7 shows that for zero magnetic disturbance 
for both summer and winter there is still a residual difference of about 0-3 neper in 
summer and about 0-5 neper in winter which must be ascribed to some other cause. 


283 





W. J. G. Beynon and K. Davis 


It is now well known that on many days during the winter the observed 
ionospheric absorption is exceptionally high. This winter absorption phenomenon 
has recently been discussed by DIEMINGER (1952) and is also considered in another 
communication by the present authors. It is of interest to study the magnitude 
of the difference in absorption at Swansea and Slough on these days of abnormally 
high absorption. In each month the four or five days of highest absorption have 
been selected and the magnitude of the mean difference in absorption between 
Slough and Swansea has been examined. This difference is plotted in Fig. 8 and it 
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Fig. 8. Magnitude of average daily difference in —log, p on days of high absorption. 


Xx x 
e Magnitude of difference expressed as a percentage. 


will be noted that its magnitude (irrespective of sign) is always appreciably larger 
in the winter than in the summer. Differences expressed as percentages of the 
measured absorption are also shown in Fig. 8 and it will be seen that this curve 
shows the same seasonal tendency as is found for the absolute magnitudes. It 
would thus appear that the high absorption observed on certain winter days 
shows considerable spatial irregularity over this distance of 230 km and that the 
low layer responsible for such absorption is probably sporadic in character. 


5.2. Correlation coefficients 


5.2.1. Vertical incidence measurements. IKAWER (1951) has compared various 
absorption parameters for noon conditions at Slough and Freiburg (400 km apart). 
For the case of the 2-0 Mc/s observations RAWER gives his results in terms of a 
correlation number—an index which is more easily calculated than the usual 


284 





Simultaneous ionospheric absorption measurements at widely separated stations 


correlation coefficient. He considers that the significance of this correlation number 
is comparable with that of the correlation coefficient, and in the following dis- 
cussion we shall assume that this is the case. Over a 26 month period, RAWER 
finds that the monthly correlation numbers vary from —0-34 to +0-99 with an 
average value of 0-40 and a median value of 0-50. In six cases (four of them in the 
summer months) the monthly correlation numbers were negative. In the present 
Swansea-Slough comparison for the period September 1950 to August 1951, no 
negative correlation coefficients are found and the magnitudes of the coefficients 
range from 0-53 to 0-89 with an average value of 0-74. If we group the data into 
winter and summer periods, then for the Swansea-Slough results we find that the 
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Fig. 9. (—log, p)z Mc/s and absorption ‘‘A”’ figure (Slough) and fE,. 


average correlation coefficient for the three winter months November, December and 
January is 0-85 and that for the three summer months May, June and July is 0-81. 

It will be noted that in the present results and those of RawEr there is evidence 
of a reduced correlation in the summer months. In the present case the seasonal 
change is comparatively small and may not be statistically significant, but in 
RAWER’s case the summer correlation numbers are very much lower than the 
winter ones and indeed, as stated above, are often negative. RAWER queries 
whether this may be due to the influence of sporadic F ionization. In the case of 
measurements on 2 Mc/s it seems unlikely that any irregular incidence of sporadic 
E ionization would seriously affect the absorption measurements, since such ioni- 
zation is generally produced at a higher level than the level of reflection of the 
2 Mc/s signal. This supposition is confirmed from a study of many months data 
in which no significant difference in the absorption on 2 Mc/s (or in the Slough “‘A”’ 
figures) can be detected on days of high or low fE,. Thus in Fig. 9 we have plotted 
—log, p for 2 Mc/s and the Slough “‘A”’ figure for the five days of maximum and 
five days of minimum fF, for the summer months of 1950. It is clear that the 
values of —log, p (and of A) are substantially the same over a very wide range of 
values of fH,. The reduction in the degree of correlation from winter to summer 
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noted by RaweEr for both the A figures and the 2 Mc/s absorption values thus 
seems to be unrelated to the incidence of sporadic EZ ionization. In the case of 
the Swansea-Slough results the average value of the magnetic disturbance index 
Kp (over the period 0900—1500 G.M.T.) is slightly larger for the summer months 
buc we have no evidence that this is related to the slight reduction in correlation. 

It should be remembered that both sets of measurements are subject to 
sampling errors of the type discussed in Section 2.2. These sampling errors 
necessarily place an upper limit on the calculated correlation coefficients and 
might also give rise to an apparent seasonal change in the degree of correlation. 

5.2.2. C.W. relative field-strength observations. It is reasonable to suppose that 
the degree of correlation between oblique and vertical incidence signal intensities 
will decrease with increasing distance between the sender and receiver. This fact 








SENDER RECEIVER 
Fig. 10. Location of absorption points in oblique incidence path. 


is already indicated in the Slough-Swansea and Slough-Freiburg results discussed 
above. It is of interest to investigate whether the relative field-strength c.w. 
measurements described in Sections 4.1 and 4.2 are at all consistent with the 
vertical incidence pulse observations. 

In discussing the c.w. measurements it is to be noted that the Allouis results 
show conclusively that in these experiments the absorption occurred in the D-layer 
and also that the major part of the received signal was contributed by the 1F 
reflection. In the case of the Skelton signals there were occasions when the equiva- 
lent frequency approached the vertical incidence frequency giving rise to appreci- 
able absorption at the top of the trajectory but it is clear that in general the 
predominant absorption again occurred in the D-layer (cf. the S curve of Fig. 4 
with the 2 Mc/s (#) curve of Fig. 5). In the case of both sets of field strength 
measurements the upper limit to the degree of correlation with vertical incidence 
observations at Swansea will be set by conditions at the controlling point in the 
absorbing D-layer most remote from Swansea. In the case of the Skelton signals 
this means that the coefficients will refer to the correlation between conditions 
overhead at Swansea and those at a point A about 330 km from Swansea (Fig. 10). 
For the Allouis signals the corresponding point will be about 540 km from Swansea. 

Table 2 summarizes the mean values of the correlation coefficients (or numbers) 
for the four sets of data discussed above. The figures given in Table 2 are only 
completely consistent for the winter period in showing the steady decline in 
correlation with increasing distance, but when we consider the different approaches 
to the problem which are involved in the four sets of results, the degree of agreement 
is satisfactory. It will be noted that the figures suggest that the correlation 
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Table 2 





Correlation coefficients* 





Distance 
between Period 
points of 

correlated observations 


Winter | Summer 
period | period 
(km) Nov., May, 
Dec., June, 
Jan. July 





Swansea— Sept. 1950—Aug. 1951 
Slough 





Swansea— Oct. 1950—Jan. 1952 
Skelton 








Slough— Nov. 1948—Dec. 1950 
Freiburg 


| 


| 


Swansea— Feb. 1951—Dec. 1951 : 0-65T 
Allouis 




















* In the case of Slough-Freiburg, RaAwEr’s Correlation Numbers are given. 
t Average coefficient for November, December, and February. 


coefficient falls off more rapidly during the summer months. In the case of the 
oblique c.w. signals a possible explanation would appear to be the irregular 
incidence of sporadic £ ionization, but this explanation would not apply to the 
vertical incidence absorption data. In the case of the latter, the effect of sampling 
errors on the magnitude of the correlation coefficients will need further study. 


6. THE ESTIMATION OF IONOSPHERIC ABSORPTION FROM C.W. DaTA 


One of the great advantages of the pulse technique for radio investigations of the 
ionosphere is the fact that multiple reflections are clearly separated one from the 
other. However, there are a number of practical difficulties attached to the existing 
pulse method of measuring vertical incidence absorption. Thus the procedure is 
tedious and requires a competent observer and suitable pulse equipment. On the 
other hand the recording of the relative field strength of the signal received from a 
short wave broadcast sender is a comparatively simple matter, requiring no special 
equipment or very skilled attention. Of course, in the case of the reception of c.w. 
signals the contributions of the various order reflections are not readily ascertained 
and care must be exercised in interpreting the results obtained. However, a simple 
analysis of the problem shows that for short distance transmissions, even under 
conditions of small ionospheric absorption, the major contribution to the received 
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signal intensity comes from the first order reflection. Under conditions of appreci- 
able ionospheric absorption, theory indicates that for short distance transmission 
the received signal intensity will be almost entirely due to the contribution of the 
first order reflection. Such conditions might be expected to occur during the 
daytime especially for some hours around noon. 

It is of interest to examine the possibilities of using simple field strength 
recording of c.w. signals as a quantitative index of the day-to-day changes in 
ionospheric absorption. For this purpose we now briefly consider again the results 
described in Section 4.1 above. 


Table 3. Ionospheric absorption (6-0 Mc/s) 





| | Measured at 

Deduced from c.w. | vertical 

Month observations incidence 
(nepers) | (nepers) 

| 





November 1950 | 0-64 

December 0-65 

January 1951 0-96 

February 1-53 1-20 
March-April | 1-24 | 1-16 
May | 2-52 | 1-51 
June—July 1-94 1-57 
August 1-95 | 1-97 
October 0-86 0-93 
November 0-66 0-68 
December 0-76 1-00 
January 1952 1-22 | 1-59 


| 


Table 3 gives the monthly mean ionospheric absorption estimated from the 
field strength data for Skelton and the vertical incidence absorption measured at 
Swansea on the equivalent frequency (near 6-0 Mc/s). In this particular set of 
values the differences between estimated and observed absorption range from 
—0-56 to + 1-01 nepers, the average being +0-30 neper. It should be emphasized 
that here we have been concerned with reflections from region F, and that the 
accuracy of estimating the overall absorption is probably considerably less than 
could be achieved in the case of c.w. recording on a lower frequency such that the 
signals would be reflected by region EF and the equivalent vertical incidence 
frequency always appreciably less than fE. 
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F,-layer regularities at Ibadan 
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(Received 2 April 1954) 

ABSTRACT 
The mean daily variation throughout the year of n (the total electron content in a column of unit cross- 
section below the height of maximum ionization (h,,) in the F,-layer), and N,, (the maximum electron 
density of the F,-layer), show clearly that n behaves in a more regular manner than N,,. It is shown 
that in calculating n, it is important to use values of the equivalent layer semi-thickness deduced 
assuming non-parabolic electron distributions where necessary. The APPLETON-BEYNON (1947) method 
for ‘‘parabolic”’ layers is not, therefore, completely adequate in tropical regions. Inclusion of the con- 
tribution by the F,-layer to the total electron content has no appreciable effect upon the regularity of 
the diurnal variation of n. 

A new method is described and used for deducing the coefficient of recombination («), and the rate of 
ion production per cc (q), from the daily variation of n. 

The pronounced sunset minimum in the virtual height of F,, as reported by some observers, is 
discussed and considered to be largely spurious. 

An h,, and y,, histogram is plotted and is found to be dissimilar to that at Huancayo, and similar 
to that at College, Alaska. 


1. INTRODUCTION 


APPLETON (1950) has identified the ionospheric equator in the F,-layer from a 
consideration of the annual variation of noon h’ F,, and by his criteria Ibadan is a 
typical equatorial station, since noon h’F, varies very nearly sinusoidally with 
time, with a period of six months. Accordingly, there is normally a midday 


minimum in the variation of the critical frequency of the F,-layer with time of day, 
and in a previous communication we have discussed some implications of this, 
especially with reference to the formation of ridges. RATCLIFFE (195la) has 
developed a quick method of analyzing (h’ — f) records so as to obtain the total 
number (n) of electrons below the level of maximum electron density (h,,) in a 
column of unit cross-section in the F,-region. He found that at Huancayo, con- 
sidering magnetically quiet days only, the anomalies present in diurnal distribution 
of N,, (the maximum electron density) were removed when the quantity n was 
studied instead. A similar analysis has been made by OsBoRNE (1952) for Singapore 
and it was found that whereas n showed a greater similarity to a cos y variation 
than N,,, several anomalies were still evident. CHATTERJEE (1953) has claimed that 
if the contribution of the F,-layer is added to n for the F,-layer the regularity 
becomes more pronounced. 

In this paper, we describe the results obtained from a complete reduction of n 
for all days in the period December 1951-January 1953, for which we have 
records. A method has been developed whereby values of g, the rate of ionization, 
and a, the coefficient of recombination, can be obtained from the mean diurnal 
variation of n. 


2. ELECTRON CONCENTRATION (N,,) AND ToTAL ELECTRON CONTENT n 


me 


Using RaATCLIFFE’s (195la) technique applied to parabolic, linear, and second 
power distributions of electron density with height, values of 7, , the equivalent 
semi-thickness of the F,-layer, were calculated. Corresponding values of n were 
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Fig. 1. Monthly mean values of the maximum concentration of ionization (N,,) and the total 


electron content per unit column below the maximum in the F,-layer (n). The annual means of N,, 
and n are also shown with the mean annual values of n* and n7 (see text). 


then deduced from the relationship n = 2/3 7',, V,,. It was found to be especially 
important to consider 7',, rather than values of y,, obtained by APPLETON and 
BEYNON’s method, since at Ibadan thick layer phenomenon (i.e., nonparabolic F,- 
layers) occurs daily. Values of n calculated from y,,’s only, are denoted by n* and 
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Fig. 1 shows the monthly means of n and N,, and also the annual means of NV, n, 
and n*. It is evident thy+ CHATTERJEE’s (1953) analysis of Singapore data must, 
therefore, necessarily be incorrect for the daylight hours when ridges are often 
present, since he used values of y,, (reduced by APPLETON and BEyNon’s method) 
published by the Radio Research Station, Slough. 

The behaviour of the F,-layer at Ibadan is very constant throughout the year 
and the effect of adding in its contribution to n is seen in the annual mean curve of 
Fig. 1, where nz, half the total electron content in a column of unit cross-section 
in the F-layer, is plotted on the same axes as n and n*. A constant value of 80 km 
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Fig. 2. Seasonal variation of noon values of y, N,,, and n. 


has been assumed for the semi-thickness of the F,-layer, which fits many of the 
records analyzed. It is seen that the shape of the curve is not effectively altered by 
considering 7 instead of ». From the monthly mean curves it is seen that, in 
general, the variation of n shows negligible ‘“‘bite-out’’ and is usually a fairly flat 
topped curve. 

It should be pointed out, however, that the above picture is further complicated 
if one accepts the modern view that the F,- and F,-layers are manifestations of a 
single Chapman region with bifurcation due to rapidly decreasing « with height. 
Neither layer will resemble a single Chapman layer (which assumes constant « 
and temperature with height), with regard either to maximum electron concen- 
tration or total electron content. The seasonal variations of n, N,,, and y at noon 
are shown in Fig. 2. It will be seen that N,, and n acquire maximum values when 
zis zero. The progressive overall decrease of n and J, is attributed to the advance- 
ment of the sun-spot cycle. This would also explain the considerable difference in 
the average noon value of n at Ibadan in 1952 (1-0 . 10!3 electrons), and n at 
Singapore in 1949 (1-9 . 1013 electrons). 
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3. RaTE oF IONIZATION AND COEFFICIENT OF RECOMBINATION 
Values of the rate of ionization q,, and the coefficient of recombination «,, have in 
the past been deduced from the daily variation of N,, by assuming the equation 
aN ,,, (dt = dm — &mN m” (1) 
and that «,, and q,, are the same at times equidistant from noon. If this is applied 
to equatorial values of N,, where a pronounced midday minimum is normally 
present, then negative values of q,, are obtained, indicating, as would be expected, 
that some removal of ionization occurs. At Ibadan negative values of «,, are also 
obtained which are impossible to interpret. Following RatTc.iFFe’s suggestion 
that the noon minimum is removed when n is considered, we have endeavoured to 
modify equation (1) to apply to the curve of n, and thus take into account the 
decrease of N,,, due to a thickening of the layer. In order to do this the whole of the 
unit column below h,, must be considered, and then 
where q is the mean rate of ionization from the bottom of the layer to the height 
of maximum ionization defined by 


h=hm 
Ym = | qah (3) 
h=h, 
and « is the mean coefficient of recombination defined by 
h=hm 
a(n|Ym)®Ym =| "a N* dh (4 
h=h, 


It should be noted that equation (2) contains no term in dy,,/dt. If such a term 


is included then equation (2) becomes identical with equation (1). It is this differ- 
ence which removes the effect of changes in layer thickners (such as will be pro- 
duced by vertical motions of the ions) from the values of q obtained. If the layer 
is considered to be approximately parabolic, as is often the case, then it can be 


h that ‘ ‘ 
shown tha 7 = 49,3 (5) 


sens i = 3/4a, (6) 


It should be noted that equation (5) has been derived assuming dn/dt to be zero 
and it is thus an approximation, true only near noon. Equation (2) has been 
applied to the annual means of n* and n, and Fig. 3 shows the variations of ¢ with 
time of day. Graph 1 shows the values of ¢ obtained from the n curve. Graph 2 
shows the values of ¢ obtained from the n* curve, whilst Graph 3 shows the values 
of q,, obtained from equation (2). Table 1 gives the values obtained for q,, and «,, 
throughout the day, derived from q and & by equations (5) and (6). 

It must, of course, be fully realized that the method has gross over-simpli- 
fications associated with it. It assumes that « and qg vary symmetrically about 
noon and that the proportion of ionization below the maximum is constant. This 
latter condition is unlikely to be satisfied in view of the vertical drifts of ions 
produced by tidal forces. However, the values obtained for «,, are in fair agreement 
with those of other workers, it being remembered that this is the average value 
throughout the bottom half of F,. Mirra (1952) has quoted « at 8 x 10-11 cm/sec 
during the day, rising to 30 x 10-11 during the night, and higher values still in the 
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F,-region. In general, equation (2) does seem to realize interpretable results when 
equation (1) does not. There is still, however, some further factor to be taken into 
consideration, since g and q,, should have a single maximum at noon. 
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Graph I. Values of J obtained from the mean curve of n. 


Graph II. Values of g obtained from the mean curve of n*. 
Graph III. Values of q,, obtained from the mean curve of N,,. 


Values of q,, and «,, obtained from q and & at times appreciably removed from 
noon are in error because only at noon does the simple Chapman theory give an 
approximately parabolic distribution of ionization. However, since RATCLIFFE 
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Fig. 4. Annual mean values for the diurnal variation of (1) h,, (2) h’F,, and (3) h’F. 


(1951b) has observed that after sunset the F,-layer rapidly assumes a parabolic 
shape, this criticism is possibly not very important. It also means that equation (2) 
may be applied during the night hours, putting g = 0. 
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4. THe Sunset Minimum oF h’F, 


This phenomenon has been discussed by OsBorNE (1951) for Singapore and is 
associated with a slight increase of ionization around the same time. This occurs 
soon after the afternoon ridge, and could be a phenomenon linked with it. We feel, 
however, that the observed maximum and minimum at 1900 hrs and 1600 hrs 
respectively have no real existence, and that the evidence for them is spurious. 
We consider that it arises from slight errors in the standard reduction of the records. 
Fig. 4 shows the annual mean values of h,, (Curve 1), and h’ F, (Curve 2), and h’F, 


Table 1 





(4/3) 


24.1071 

10-4 

. 10-1 

. 10-1 . 19711 
.10-H | .1o-u 

| 30.10- 190-4 


34.10-11 . 10-11 





(Curve 3). Around 1600 hrs the F,-layer has lost its well defined maximum of 
ionization and becomes an added bulge to the F,-layer. In such cases the virtual 
height of the bottom of the F,-layer, h’F,, cannot be measured, and according to 
the international convention ZL should be recorded in the reduction sheets. Thus 
from about 1600 hrs to 1900 hrs when F, has completely disappeared there should 
be no numerical values for h’ F,. On some occasions F’, and F, may merge together 
during these hours and will appear as F, only. The bottom of the layer is then 
taken as h’ F,, when in reality it is h’F,. Thus the monthly mean values of h’F, 
during the hours 1600, 1700, and 1800 will in general become far too small and will 
approach the values of h’F,. In our records during some months so few values of 
h’F, at 1600 hrs and 1700 hrs could be obtained that no monthly means could be 
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given for these hours. This does seem to explain the graphs in Fig. 4 and the hypo- 
thesis is borne out by the fact that the curve for h,,, unlike h’F,, does not show 
any minimum at sunset. 


5. CORRELATION OF A,, AND ¥Y,, 


We have constructed a histogram of h,, and y,,, and it will be seen by reference to 
Fig. 5, which includes about 3000 values, that the relationship between h,, and y,, is 
not linear. For large values of y,,, h,, remains roughly constant. These figures have 
been obtained from the h’f records by the use of APPLETON and BEyNon’s methods, 
which assumes a parabolic layer. It has been seen that the very thick layers do not 
in general approximate to parabolic layers, and this fact may explain the shape of 
Fig. 5. There also appears to be a tendency for a few layers with small y,, to occur 
at large heights h,,, but it is felt that these are due to the presence of ridges in F,, 
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Fig. 5. A histogram showing how the value of h,, affects y,,. (This incorporates 
about 3000 values taken during 1952.) 


when measurement of the top layer leads to a value of h,, which is misleading. 
If the histogram’s axes were reversed it would be seen more clearly that a very 
large proportion of the few layers with great y,, do give a slight indication that 
h,,, begins to decrease as y,, increases. If this effect is real it may easily be due to the 
fact that with very thick layers, readings are not often taken, as usually the layer 
will not be parabolic, but ifsuch h’f curves are treated by APPLETON and BEYNON’s 
method then they may give rise to low values of h,,. 

However, Fig. 5 does establish the fact that y,, is not a linear function of h,,. 
RATCLIFFE (1951b) has shown that for two stations y,, is roughly proportional to 
h,, but that for the station at College, Alaska, the relationship he obtained is very 
similar to that shown in Fig. 5. This may be due to the fact that we have considered 
all days, whereas RATCLIFFE only considered magnetically quiet days, and at 
College, Alaska, even “‘quiet’’ days will be relatively disturbed. 
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ABSTRACT 
The results of a series of observations of 2 Mc/s radio noise over a period of about a year at a very quiet 
site are described. The noise received during the midday hours is thought to have been due almost entirely 
to ionospheric thermal radiation. The derived ionospheric temperatures ranged between about 200° and 
250° Kelvin, varied appreciably from day to day and were lower and less variable in winter. 

During SID’s the ionospheric temperature increased by up to 40°K. This increase is probably due to 
a height change of the 2 Mc/s absorbing region. 

Polarization measurements showed that in September 1951 the intensity of the extraordinary com- 
ponent, absorbed at the lower ionospheric level, corresponded to a temperature about 20°K higher than the 
ordinary. This established that the absorbing regions were then located at a level where the temperature 


decreased with height. 

Information on the location of the absorbing regions was obtained from an auxiliary set of pulse 
reflection measurements. The experimental observations can be explained reasonably in terms of a fixed 
temperature-height model, similar to that determined by rocket measurements, but having a minimum of 


217°K at 80km. 
1. INTRODUCTION 


It was shown in a previous communication by PawsEy, McCreEapy, and the author 
(1951), to be referred to as Paper I, that radio noise at medium frequencies contains 
a component due to thermal radiation from the ionosphere. This component is 
very small, but can be measured during the midday hours at places remote from 
electrical machinery. 

The observations of noise in Paper I were not systematic, were made at locations 
where interference was generally still appreciable, and lacked experimental 
information on the region of its origin. To remedy the first two defects the series 
of observations to be described in this paper was made at frequencies near 2 Mc/s 
over a period of about a year at a site as remote as practicable from sources of 
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man-made noise. To remedy the third, an auxiliary set of D-region observations, 
using pulses on an adjacent frequency, were made by Pawsgy and the author 
(GARDNER and PawsEy, 1953), and these showed that the absorbing structure of 
the lower ionosphere could be determined. These measurements, although not 
made simultaneously with the noise recordings, have enabled us to interpret 
results in terms of an average temperature-height distribution. 


2. EXPERIMENTAL PROCEDURE 
2.1. Site and aerials 
Fig. 1 shows the recording site at Urisino (30°S, 144° E) in relation to the 
location of electrical transmission systems in the eastern Australian states. The 
site was chosen to minimize man-made noise, a large proportion of which is radiated 
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Fig. 1. Recording site at Urisino, shown in relation to electricity distribution systems, shown . 
and contours ---- showing the average number of days per year when thunder was audible. Sites of 
previous observations at Rankins Springs and Burragorang Valley are also shown. 


from power lines. Figure 1 also shows the thunderstorm frequency distribution 
compiled from 10 years’ meteorological observations. From an examination of the 
contours one would expect that the level of atmospherics would be about the 
same at Urisino and at Burragorang near Sydney (where the original observations 
of Paper I were made), as the thunderstorm frequency and the distance from the 
centre of activity in south-east Queensland are about the same for both places. 

The aerial normally used was a single horizontal resonant dipole, directed 
north-south, and suspended from two 80-foot poles, 235 feet apart. It was con- 
nected to the recording equipment in a vehicle stationed below the dipole centre 
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by about 75 feet of fabricated 70-ohm twin feeder. The horizontal top wires plus 
the downleads connected together at the bottom served as a vertical aerial when 
this was required. 

For the last recording period in September 1951, a supplementary east—west 
dipole (centres of both dipoles coincident) was added for the reception of circularly- 
polarized waves. In this case the outputs of the two dipoles, which had identical 
downleads, were combined using an extra quarter-wave line in the conventional 
manner. The impedance of each dipole matched the feeder to within 5 per cent. 
The finite attenuation of the quarter-wave section caused the suppression of the 
component with the opposite sense of rotation to be slightly imperfect. Its effect 
was allowed for in the deductions of Section 4. 




















DUMMY 
AERIAL 


RESISTANCE A) 





| MATCHING 4 
NETWORK ae 
RECEIVER 
: / 
D 





Fig. 2. Arrangement of equipment. The matching network is adjusted to make 
the impedence at A identical to that of the dummy aerial at D. 


2.2. Measurement of equivalent aerial temperature 


The measurement of the equivalent aerial temperature 7', was discussed in Paper I, 
and the method is illustrated in Fig. 2. The impedance at A is adjusted to equal 
that of a resistor R used as a dummy aerial. The aerial temperature is measured 
with respect to the temperature of this comparison resistor. The calibration of the 
temperature scale at values above room temperature is made with a high-impedance 
noise diode shunted across the resistance R. The scale below room temperature is 
determined by extrapolation. The bandwidth, which was that of the receiver 
alone, was the same for both recording and calibration. Experimentally, it was 
checked that the system was free from regeneration of an amount which could 
cause the gain during recording to differ from the gain during calibration. 

If the impedance at A differs from R, then the measured aerial temperature 
will be in error. To a first order approximation, for small errors in matching, only 
the difference in the resistive components is important, and if the resistive com- 
ponent of the impedance at A is R + AR, then the true temperature 7’, can be 
found from the measured value 7’, + AT’, using the relation 


AT, AR 

a es 
The reading error under good observing conditions, when dummy aerial 
readings were taken frequently, as in Fig. 4(a), can be seen to be 2 or 3°K. 


To keep errors due to the matching down to the same order of magnitude, the 
aerial was matched within 1 per cent under normal weather conditions. With 


a 
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strong winds, however, errors of up to about 3 per cent could occur with the 
horizontal aerials and even greater errors with the vertical or circularly-polarized 
aerials. 

Errors in the temperature of the comparison resistor were less than }°K, and 
did not contribute appreciably to the overall error in T,,. 


10 


USUAL WORKING 
HEIGHT 


AERIAL EFFICIENCY 





rt 7 

oO 0-2 

AERIAL HEIGHT IN WAVELENGTHS A/A 
FREQUENCY 2:10 Mc/s 





Fig. 3. Aerial efficiency as a function of height: (a) calculated for average ground constants e/e, ~ 25, 
o = 1:3 x 10-* mho/metres, and (b) determined from impedance measurements in September 1951. 


2.3. Aerial efficiency, « 


The derivation of the ionospheric temperature from the observed aerial tem- 
perature requires a knowledge of «, the aerial efficiency. In Paper I « was obtained 
in two ways: 

(a) from the direct measurement of the aerial gain in a vertical direction using 
a balloon-borne oscillator, and 

(b) from the results of a theoretical analysis by SOMMERFELD and RENNER 
(1942)* using estimated values for the ground constants. The former was found to 
be inaccurate and was not employed further. For the numerical evaluation using 
the latter method the ground constants were measured at the receiving site for 
the periods in November 1950 and in April and September 1951 by the ‘“‘wave tilt”’ 
method (see Norton, 1937). At 2 Mc/s the characteristics of the ground are 
largely controlled by the conductivity, and this was found to be high (o never 
below 10-2 mho/metre), and substantially the same at different periods. Fig. 3 
shows the aerial efficiency calculated as a function of height for the average ground 
constants (¢/é5 ~ 25, o = 1:3 x 10-7 mho/metre). 

The efficiency can be determined more directly from a measurement of the 
dipole input impedance if the current distribution is known. From the current 
distribution and the ground properties, the total power radiated above ground, 


*This analysis is for an infinitesimal horizontal radiator. General but not exact agreement would be 
expected with a half-wave radiator. 
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R,'I*, is calculated,* while the power fed to the dipole is given by RinJ?, where Rin 
is the resistive component of its input resistance. Then 


7% 
a 


4 


R 
We note that over most of the height range of interest « » a , where Rp 
in 


is the radiation resistance in the presence of a perfectly conducting earth. 

Assuming a sinusoidal current distribution and with an approximate knowledge 
of the ground constants, Rp’ and therefore « can be determined as a function of 
height. This was done for April and September 1951, when aerial impedances over 
a range of heights were measured. The final result for September is compared with 
the theoretical curve (a) in Fig. 3. There is reasonable agreement between the two 
and the mean value 0-75 + 0-05 was adopted as the efficiency with the aerial at its 
usual height. 


2.4. Determination of ionospheric temperature 
In Paper I, it was seen that the equivalent aerial temperature 7’, was a weighted 
mean of the temperatures of the ionosphere 7’; and of the ground 7’, 

T, =«a.7T7,+(1—<2)T7, 


where « is the efficiency of the aerial (ohmic losses in the aerial are negligible). 
This result can be extended to include transmission losses; at a different tem- 


perature 7',, occurring between the aerials terminal and the receiver input, and 
then becomes 


T, =[a.n7).7T7,+[((1 —@). 97). 7, + [1 — nz]. T, 


where 77 is the efficiency of the matching unit and transmission line when termi- 
nated with the dipole impedance. 
Under typical conditions this becomes 


T, =0-65 T, + 0-20 T, + 0-15 7’. (1) 


The measurement of 7’, was covered in Section 2.2. 

The ground temperature required, 7',, is a weighted mean to a considerable 
depth below the surface. (The skin depth is approximately 10 feet.) An experi- 
mental check on the temperature 9 inches below the surface showed that the 
daily mean temperature there was the same as that above the ground, but the 
range of variation through the day was approximately halved. It seems reasonable 
therefore to consider 7', as constant and equal to the mean above-ground tem- 
perature for the period concerned. From observations at Urisino and figures 
published by the Commonwealth Weather Bureau, the mean above-ground 
temperature was estimated to within a few °K. 


*In making this computation the field at any point is determined by combining the free-space wave 
with a wave reflected from the ground with the appropriate plane wave reflection coefficient, taking account 
of phase and path differences. This procedure, known to be correct for large values of h/A, can be justified 
from the expressions given by Norton (1937) for horizontal dipole field intensities.. 
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The temperature 7', of the transmission system was principally that of the 
fabricated twin line, which was nearly vertical and freely exposed to the atmosphere 
over its entire length. With the sun obscured by cloud, 7’, should equal shade 
temperature, but with the sun shining a reasonable estimate of its maximum in- 
crease is about 8°K. In taking its mean temperature as that inside the recording 
vehicle, the error should not exceed 5°K. 

From equation (1) with reasonable estimates of the quantities involved, it was 
concluded that the probable systematic error in deduced ionospheric temperature 
was about 5°K. In addition, the probable random error of a single observation 
over 3 minutes was also about 5°K under normal weather conditions. The random 
error in the mean of a series of independently matched readings should be reduced 
to less than half this amount. 


3. OBSERVATIONS 
3.1. General 
Six series of observations each of about 10 days’ duration were made at intervals 
of about two months. The details of the recording periods are given in Table 1. 
In the absence of severe atmospherics, measurements were normally made from 
about 0800 to 1700 hours. A frequency near 2 Mc/s was usually employed. Its actual 
value was changed over a small range to avoid interference. 


Table 1. 
| | . . 
Interval | Polarization | Ausiliary 
| measurements 








11 July-21 July | Linear | — 


21 Sept.-2 Oct. | Linear — 
20 Nov.-1 Dec. | Linear Ground constants 


Linear — 
Linear Ground constants— 


19 Feb.—27 Feb. | 

| | aerial impedance 
| 

| 


14 April—27 April 


Linear and Ground constants— 


20 Sept.—5 Oct. 
circular aerial impedance 





The typical diurnal variation of noise received with a horizontal dipole, at 
Burragorang, near Sydney, was described in Paper I. There the level at night was 
always high (above 10® °K) and very variable, but gradually settled down through 
the day to a low, fairly steady value near noon (order 1000°K). At Urisino, the 
more remote site, the level during the day was much more constant, while at 
night the background level measured between individual atmospherics crashes, 
was considerably lower than at Burragorang. Interference from radio stations 
(generally from harmonics) was, however, found to be relatively more troublesome. 
This might be expected, as transmitting stations are distributed more randomly 
than the emitters of man-made noise (large cities). The sensitivity to such inter- 
ference is illustrated by the fact that an increase in aerial temperature of 10°K 
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with the received bandwidth of 5 ke/s would be produced by a wave arriving from 
near the zenith with a field strength of 1-5 x 10-!° volts/metre. Practically all 
interference at Urisino is thought to have involved ionospheric transmission. 

Fig. 4(a) shows a midday record when interference and atmospherics were 
negligible. In Fig. 4(b), variations in the base level which increase as evening 
approaches are apparent from about 1530 hours, and by 1600 hours fluctuating 
interference and atmospherics increasing in amplitude and frequency of occurrence 
are clearly visible. Fig. 4(c) illustrates typical behaviour during the reverse 
transition on a summer morning. Only a slight change in base level occurs while 
the atmospherics are reduced by more than 10 to 1 in amplitude. The gradual 
change in gain is due to batteries running down. Its effect has been allowed for in 
the intensity scale on the figure. 

The aerial temperature observed with vertical polarization was usually around 
270°K near noon, compared with 240—250°K with horizontal polarization. How- 
ever, distant atmospherics and fluctuating interference when present were usually 
stronger with vertical polarization (3-4 times in amplitude). 


3.2. Observed temperatures 

Histograms showing the noise intensities observed between 0900 and 1500 hours and 
1000 and 1400 hours separately are shown in Fig. 5 for the different recording periods. 
In this figure all noise intensities have been converted to equivalent ionospheric 
temperatures, For the first four periods, the histograms were compiled from read- 
ings of the minimum base level (to the nearest 5°K in 7',) in each 3-minute period. 


This procedure was adopted to reduce the effect of fluctuating interference from 
atmospherics and radio stations. During the last two periods the atmospherics 
were not troublesome and station interference was reduced by more careful moni- 
toring. The overall measuring accuracy was increased and reading variations were 
principally due to random effects. To reduce these, the median of six }-minute 
readings of 7',, to the nearest °K, was taken from the 3-minute reading used in the 
histogram. An experimental check was made of the average difference between the 
temperatures measured in the two ways under conditions free from interference. 
It was found that the minimum corresponded to an ionospheric temperature 
about 3°K lower than the median. 

In Fig. 5 it can be seen that the median temperature was lowest for the periods 
near mid-winter, July 1950 and April 1951. For both these periods the occasional 
high readings, above 250°K, were largely confined to times between 0900 and 1000 
and between 1400 and 1500 hours. The high readings, up to about 300°K, in Sept- 
ember and November 1950 show no such diurnal behaviour, and it is thought that 
they contain a component resembling random noise, which originates in the lower 
atmosphere, but not at a great distance (see Section 3.5). For the period in April 
1951, 85 per cent of the readings are concentrated between 210 and 230°K. In 
September 1951, when experimental errors and interference were certainly not 
greater than in April, the spread has increased appreciably and the distribution 
has become skewed towards the higher temperatures. 

Measurements were made on occasions through the frequency range 1-6 to 2-6 
Mc/s. It appeared that the ionospheric temperature increased with decreasing 
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Fig. 5. Midday noise levels, observed with horizontal polarization, expressed as ionospheri - 

tures for the different observing periods. Readings peanenae 0900 and I 500 hours cri si 9 

and between 1000 and 1400 hours shaded. Minimum intensities observed in each 3-minute interval are 

employed for the first four periods; for the last two, medians of six 4-minute readings are used. All 
readings above 300°K are included in range 307-315°K, shown dotted. 
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frequency. The accuracy involved was not high, since the losses increase rapidly as 
the dipole impedance becomes largely reactive. Most records were taken near the 
dipole resonant frequency. 

The diurnal variation of the base level of the received noise at Rankins Springs 
(see Fig. 1) for May—June 1950 was studied in Paper I by plotting the mean and the 
range of the minimum hourly levels. The smoothed curve, reproduced in Fig. 6(a), 
shows a significant diurnal variation. Below it, the results at Urisino for June-July 
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Fig. 6. Means and extreme ranges of minimum aerial temperatures relative to ambient recorded in 
each hour (a) at Rankins Springs, 31 May to 8 June 1950, and (b) at Urisino, 11 to 21 July 1950. 


1950, also near mid-winter, are plotted in the same way. Between 1000 and 1400 
hours the mean level is now constant. The higher levels before 1000 and after 
1400 hours are presumably due to increases in ionospherically-propagated interfer- 
ence, and it appears that a small residue of such interference continued throughout 
the day at Rankins Springs. 

The results from the other periods at Urisino, when examined in this way, were 
al] reasonably constant near midday. The period of constancy, however, extended 
from before 0900 to beyond 1500 hours. 

Examination of the midday variations in more detail failed to reveal any real 
diurnal variation. Fig. 7 shows a typical result obtained by superposing seven 
daily curves taken with a single horizontal aerial in September 1951. Any real 
diurnal trend is masked by a larger randomly-occurring variations. These changes 
throughout the day and from day to day can only be partly due to experimental 
error and external interference, and it is thought that the largest increases, at least, 
are associated with increases in ionospheric absorption probably caused by varia- 
tions in the sun’s ionizing radiation. The two days on which high temperatures 
were most prominent were 21 April and 21 September 1951 (21 September is shown 
in Fig. 7). On both these days f,;, (the minimum frequency) on which iono- 
spheric echoes are observed on a P’-f recorder) at Canberra was for quite long 
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periods appreciably higher than usual, but no definite sudden ionospheric disturb- 
ances were indicated on short-wave absorption measurements made near Sydney. 
A solar noise storm of considerable intensity occurred on 21 April. 


3.3. Effect of sudden ionospheric disturbances (S I D’s) 

In assessing the effect on 2 Mc/s noise of a sudden ionospheric disturbance (SID), it 
was found convenient to use as a measure of its intensity the decrease in cosmic 
noise level observed at 18-3 Mc/s.* Taking the larger SID’s (1 db attenuation or 
above at 18 Mc/s at vertical incidence) and restricting attention to the midday hours 
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Fig. 7. Diurna] variation of ionospheric temperature for seven days in September-October 1951 
(frequency 2-1 Mc/s, horizontal polarization). 


1000 to 1400, the observed temperatures during 40 minutes from the start of an SID 
were compared with the average temperature readings for the recording period in 
April 1951 from Fig. 5.¢ The two distributions are compared in Fig. 8(a), which 
includes four SID’s. It is apparent that the ionospheric temperature was signifi- 
cantly higher during an SID. 

To examine the detailed time structure, }-minute temperature readings through 
all SID’s greater than | db in April (six in all) were combined in a superposed epoch 
plot with the 18 Mc/s SID commencement at zero time. Fig. 8(b) shows the 
median curve (i) obtained by this method, and also the largest observed SID (ii) 
(7 db on 18 Me/s at vertical incidence). 

We see then that a very definite rise in ionospheric temperature of up to about 
40°K occurs during an SID. The time of start and the average duration of about 
an hour are, within experimental uncertainties, the same as those for the short- 
wave absorption increase. There is, however, an indication of lack of propor- 
tionality between the temperature increase and the short-wave absorption, and 
that, with the largest SID, the temperature has reached a “‘saturation”’ level. 

Apart from the occurrences discussed for April, only two other SID’s of appreci- 
able size were observed. These two occurred in September 1951, and again produced 
definite temperature increases. 


* This investigation, carried out at the Radiophysics Laboratory, has been described by SHAIN and 
Mitra (1954). The information for our analysis was kindly provided by Mr. SHatn. 
+ Fig. 5 does not contain readings obtained during these SID’s. 
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3.4. Polarization results 

The results of the polarization measurements made near noon over a period of 
three days in September—October 1951 are shown in histogram form in Fig. 9. It is 
apparent that the temperature is greater for the L.H. or extraordinary component, 
the medians for the two distributions differing by about 17°K. The histograms 
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Fig. 8. (a) Histograms showing ionospheric temperatures (3-minute readings) observed between 1000 
and 1400 hours in April 1951, (ii) during 40 minutes from the commencement of large SID’s, and (i) 
during the remainder of the period. The medians of the two distributions are indicated. 

(b) Superposed epoch plot for April 1951 of ionospheric temperature relative to SID starting time. 
(i) is the median curve for 6 SID’s and (ii) is the curve for the largest SID. 


establish the general result, but it was further observed that on changing from 
R.H. to L.H. polarization, the temperature usually increased, but at no time was 
it ever observed to decrease. Fig. 4(d) shows a sample polarization record. 

Remembering that the extraordinary component suffers the greater absorption, 
it is of interest to note that both the observed polarization and SID effects are 
opposite to those expected if an appreciable amount of ionospherically-propagated 
noise were present, and the effects were due to changes in this component. 


3.5. Noise of tropospheric origin 

During the course of the observations, certain types of noise increases occurred 
which did not appear to be due to increases either in ionospheric emission or in 
man-made noise. (Largely on account of their association with particular weather 
conditions, their source is thought to be in the lower atmosphere.) They are listed 
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in Table 2 in order of decreasing size. Of these, only the well-known atmospherics 
crashes (A) would cause serious interference to communication. Their effect on our 
noise recordings was discussed in Paper I. This further series at Urisino has rein- 
forced the conclusion of the previous paper that at 2 Mc/s atmospherics propagated 
over a distance produce no measurable component resembling random noise. 
Individual crashes are always evident. While the cause of both types (B) and (E) 
was recognized, it is not profitable, with our limited information, to investigate 
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Fig. 9. Histograms showing ionospheric Fig. 10. A record showing an increase in 
temperatures ($-minute readings) observed level approximately symmetrical in form 
with circularly-polarized receiving aerials lasting about 20 minutes (type C). Near 
in September 1951. The medians of the the maximum a brief change from the 
two distributions are indicated. horizontal to a vertical aerial with about 

the same sensitivity takes place. The 

portion recorded with the vertical aerial is 

marked V (Urisino, 1-97 Mc/s, 29 November 

1950, 1132-1155 E.A.S.T.). 


mechanisms for their generation. The origin of increases (C) and (D) is not known. 
Noise increases of types (B), (C), and (D) were associated with unsettled weather, 
and on such days, thunder clouds or nearby atmospherics were usually observed at 
some subsequent time. 

Rain static (B) has been recognized by other observers (see HUCKE, 1939), and 
its identification presents no difficulty. Aurally, it resembled the usual description 
of precipitation static encountered by aircraft given by Huckg, although the two 
phenomena are obviously different. Its magnitude was such that it would be 
observable at any site where the noise level did not much exceed 1 microvolt/metre. 
It occurred very infrequently and was only observed during the one period 
(November—December 1950). Usually, no change in the recorded level accompanied 
rain. 

An increase of type (C) is shown in Fig. 10. On changing to vertical polarization 
near its peak, an appreciable decrease in level occurred, indicating that the noise 
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was arriving roughly from overhead. Because of the comparatively short duration 
and infrequent occurrence (only in November—December period), such increases 
were easily recognized, and were not included in the ionospheric temperature 
readings. This was not possible, however, with the slow increases of type (D), which 


Table 2. Noise of tropospheric origin 





Observed variation in noise 
intensity 


Associated 
atmospheric 
disturbance 


| characteristics 


Audio 





. Large increases of order 
of 1 second duration, atmo- 
spherics 


. Large increases of order of 
10 minutes duration, rain 
static 


. Approximately symmetrical 
increase and decrease last- 
ing about 10 minutes 


. Slow change in level over 
period of about 1 hour 


. Small increases of order of 1 
second duration repeated 
at frequent intervals 





Cloud 
discharges 


Rain— 
probably 
caused by 
stopping of 
charged drops 
near aerial 


Possibly 
charging 
processes in 
clouds 


Strong winds 


| Familar 
| crashes, 





“grinders,” 
etc 
High-pitched 


‘ ‘crying’ ’ 
sound 


Similar to 
random noise | 


Numerous 
clicks 





Usually no measurable in- 
crease in level between dis- 
tinct crashes even when local 
electrostatic field high. 


Due to an exceptional type 
of rain. 7’, increase of up to 
10® degrees. Maximum in- 
crease when rain hardest. 
Increase may start before 
rain reaches aerial. 


Maximum increase about 
1000 degrees in T',. Increase 
often larger with horizontal 
than with vertical aerial. 
Possibly correlated with 
small clouds passing over- 
head. 


T, increase of up to 100 
degrees. Noise level rather 


steady. 


Order of 30 degrees increase 
in T',. Probably not due to 
impedance changes as 
changes in level are predomi- 
nantly increases. 


Note. Values of 7’, refer to 


| reasonably efficient aerials. 





provided the only serious interference to the measurement of ionospheric tempera- 
ture. Their inclusion in the histograms of Fig. 5 for the periods September and 
November 1950, when they were observed, caused the extension of the observed 
temperatures to above 300°K. 

The short “clicks” (E), often associated with strong winds, were observed at 
some time in each period, and in their presence the reading accuracy was reduced 
slightly. 


311 





F. F. GARDNER 


4. Discussion 


Contributions to the measured ionospheric temperature 7’, originate through an 
appreciable volume of the ionosphere. If the temperature varies with height in this 
region, then 7’; will represent an average temperature. For a model ionosphere 
in which the temperature, 7’, electron density, NV, and collisional frequency, v, are 
known functions of height, the effective aerial temperature along any ray direction* 
can be determined for each magneto-ionic component (in general the two differ) 
and to obtain 7’; these temperatures must be weighted in accordance with the 
angular and polarization characteristics of the receiving aerial. 

From a consideration of the average sensitivity of the horizontal dipole aerials 
per unit cone angle (measured from the vertical), it can be shown th1t the largest 
contributions to the received power originate at zenith angles of 30 to 35°, and the 
corresponding ray temperature should be within a few °K of 7’, if the temperature 
and electron density vary smoothly with height. 

The ionospheric temperatures recorded with the circularly-polarized aerials do 
not correspond precisely to the temperatures for the two magneto-ionic components 
since the polarized aerials only function correctly for a single wave direction. 
Assuming the energent polarizations for each individual ray direction to equal 
approximately the magneto-ionic polarizations with collisional frequency » = 0, 
it can be shown that about 10 per cent of the power received by the right-handed 
(R.H.) aerial, set for the reception of the ordinary component, corresponds to the 
extraordinary. A similar amount of unwanted ordinary component is received 
by the left-handed (L.H.) aerial. The observed difference between the temperatures 
recorded with R.H. and L.H. aerials will then be about 20 per cent lower than the 
true difference between the two components. The temperature with a single 
horizontal aerial is very nearly the mean of the temperatures of the ordinary and 
extraordinary components. 

To derive information on the temperature-height distribution in the ionosphere 
it is necessary to know N and »v at the relevant heights. It was shown in GARDNER 
and PawsgEy (1953) that these quantities could be determined from pulse obser- 
vations of the lower ionosphere, and consequently we can fix two heights (more 
precisely two narrow height ranges) at the lower of which the temperature is that 
of the extraordinary component and at the upper that of the ordinary. With a 
linear aerial the mean temperature at these two heights is measured. The obser- 
vations in GARDNER and PAwseEy (1953) were not made simultaneously with the 
noise recordings and therefore it is not possible to assess directly the relative 
importance of changes in the absorbing and in the temperature structures of the 
ionosphere in producing the aerial temperature variations observed. Our results 
can be interpreted reasonably in terms of a model having a fixed temperature- 
height scale similar to that obtained from the pooled results of a number of different 
investigations and published by the Rocket Panel (1952). The fact that no change 
occurs throughout the year in the temperature-height distribution from rocket 
measurements, supports this interpretation. The particulars of our scale are 


*In Paper I the method for determining the ray temperature was outlined. In our case there is negli- 
gible deviation of the rays through the absorbing region. 
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obtained from the temperatures for April 1951 combined with the ionospheric 
structure determined at the same time of year. 

From the midday ionospheric structure determined in GARDNER and PawsEY 
(1953) for a normal day, 6 May 1952, we fix the two absorption levels 72-75 km 
and 80-84 km as appropriate for the extraordinary and ordinary components 
respectively. A lateral shift of 12°K of the Rocket Panel curve is required to give 
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Fig. 11. Temperature-height relation given by the Rocket Panel for White Sands, U.S.A., is shown as 

full line —., and is shown dashed when shifted laterally to fit observed results for April 1951. 

Possible heights of centres of contributing regions for September-October 1951 are shown []. Maxi- 
mum temperature observed during an SID is shown. 


a mean temperature equal to the value 219°K observed for 14-27 April. The shift 
required is about twice our probable systematic error, estimated in Section 2.4. 
The two curves are given in Fig. 11, which also shows the observed range of 
temperatures in April to include half the readings. 

Fig. 5 showed that temperatures in summer are higher than in winter. In 
terms of our fixed temperature-height model this would require that absorption 
levels in summer should be lower than in winter. Such a change is indicated from 
very long wave results (BRACEWELL é¢ al., 1951). 

During the September-October period in 1951, the temperature of the extra- 
ordinary component was found to be about 22°K (corrected value) higher than the 
ordinary, while their mean was 230°K. This establishes that the absorbing regions 
were then located where the temperature is increasing with decreasing height (the 
mesosphere in CHAPMAN’S notation). Possible absorption levels, shown in Fig. 11, 
are well below the minimum in the temperature-height curve, whereas those for 
April were almost at the minimum. This interpretation is supported by the greater 
spread and skewness of the September readings in Fig. 5. 

We should expect that the short-lived and day-to-day variations in observed 
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temperature would be due to changes in ionization rather than in the temperature- 
height distribution*. This view is supported by the increase in noise intensity 
found on days of abnormal absorption (see Section 3.2). 

During a sudden ionospheric disturbance, the observed temperature was found 
to increase by an amount of up to 40°K in a matter of minutes. This increase is 
no more than might reasonably be expected from a downward movement of the 
absorbing regions of an amount indicated by very long wave measurements 
(BRACEWELL et al., 1951). A consideration of the rate at which an electron loses 
the excess energy at its liberation in subsequent collisions indicates that differences 
between electron and molecular temperatures should be negligible. In view of the 
smallness of the molecular temperature increase, thought to take place over the 
complete period of daylight (see previous footnote), an increase of 40°K in a matter 
of minutes would be remarkable. There is an indication of lack of proportionality 
between the absorption increase at 18 Mc/s and the observed SID temperature 
increase, and with the largest SID, 7’; appears to increase to a saturation level. 
This might be expected if the absorbing regions (perhaps only that of the extra- 
ordinary component) moved down to a level where the temperature changed 
slowly with height. This question can only be settled when the effect of an SID on 
the structure of the D-region has been determined. 


5. CONCLUSIONS 


It has been found possible to measure the ionospheric temperature near the 80 km 
level with considerable accuracy. The temperatures ranged from about 200° to 


250°K, and were lowest near mid-winter. The measured electron temperatures, 
which should not depart appreciably from the molecular temperatures, can be 
explained reasonably in terms of a fixed temperature-height scale with a minimum 
of 217°K at 80 km, the observed temperature variations being due to changes in 
the heights of origin of the thermal radiation. It is possible, however, that changes 
in the temperature scale do occur. 

Using polarized receiving aerials, it has been shown that the absorbing region 
in September 1951 was located at a level where the temperature is decreasing with 
increasing height. 

During an SID, temperature increases of up tu 40°K have been observed. It is 
thought that the increase is due primarily to a descent of the region of absorption. 

In the absence of man-made noise, background noise intensities near 2 Mc/s 
(with horizontal or vertical dipoles) have not been observed to exceed 1000°K 
(0-003 microvolt/metre r.m.s. in a 5 ke/s band) except for short periods. Atmo- 
spherics have always appeared as distinct crashes. It is therefore suggested that, in 
any world-wide surveys of atmospheric noise, attention should be given to the 
character of the measured noise, as only the atmospherics portion (readily distin- 
guished aurally, at least below 5 Mc/s) would be expected to show a reasonably 
continuous world distribution. Anomalies found in such surveys (see THOMAS, 
1950, p. 343) might then disappear. 


*Results obtained by JoHnson (1953), indicate that the temperature at 70-km altitude responds very 
slowly to changes in the normal solar radiation. The diurnal range of temperatures should not exceed 1°K. 
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Effects of solar flares on the absorption of 18-3 Mc/s cosmic noise 
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ABSTRACT 
Two effects of solar flares on the received intensity of 18-3 Mc/s cosmic noise are discussed. 

It is shown that observations of the variations in 18-3 Mc/s cosmic noise intensity provide a very 
sensitive method of detecting sudden ionospheric disturbances (SIDs). The characteristics of the increases 
in absorption observed during SIDs are discussed and comparisons made with other SID observations, 
particularly very long wave sudden phase anomalies. It is shown that an increase of 1 db in the 
absorption of 18-3 Mc/s radiation passing once through the ionosphere is probably associated with a 
sudden phase anomaly of size about 200 degrees at 16 kc/s. Such a relationship is incompatible with a 
D-region of the simple Chapman type or one of the “‘exhaustion region” type. 

About 30 hours after certain solar flares of Class 3 the absorption of cosmic noise increased, the 
increase lasting for periods of the order of 10 hours. Magnetic storms did not follow until some time 
later and at the time of the abnormally high attenuation there were no outstanding peculiarities in 
magnetic records. It is uncertain whether the excess attenuation occurs within the ionosphere or well 


away from the earth. 
1. INTRODUCTION 


In a previous paper (Mitra and SHarn, in press) it was shown how observations 
of 18-3 Mc/s cosmic noise could be used to measure the attenuation suffered by 
radiation passing completely through the ionosphere. Although the amount of 
attenuation was small, it could be measured with considerable accuracy. The 
equipment used was simple, comprising an aerial array (beamwidth 17° overall 


to half-power) directed overhead and connected to a communications receiver. 
The output of the receiver was recorded and the scale was calibrated using a 
diode noise generator. The paper discussed the variation of absorption with 
season and time of day under normal conditions. Since, however, the record of 
absorption is virtually continuous, it is possible to study in detail the variation 
of absorption under abnormal ionospheric conditions, and in particular short term 
variations, such as those observed during sudden ionospheric disturbances, are 
readily detected. 

This second paper presents observations of abnormal ionospheric absorption 
whieh were made, using the same technique, during the period July 1950 to 
June 1951. Most of the cases of unusually high absorption appear to be connected 
with solar flares, although there were occasional abnormal increases associated 
with ionospheric storms, lasting for periods of the order of one hour. The latter 
increases in absorption will not be considered in this paper. 

The most striking effects of solar flares are the sudden ionospheric disturbances 
(SIDs) which occur at the time of the flare; the observation of the characteristic 
ionospheric effects of these disturbances is a good indication that a solar flare has 
occurred. BRACEWELL and STRAKER (1949) have shown that the study of the 
variations in the phase of very long waves reflected from the ionosphere can give 
detailed information concerning the development of the flare. They also showed 
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that observations of these ‘sudden phase anomalies’ (SPAs) provided much more 
sensitive indications of SIDs than the better-known fadeouts of short waves. 
If an attempt is made to record these fadeouts by measuring the field of a short 
wave transmitter, it is difficult to detect small changes in absorption because of 
the considerable fading always present on field strength records. Furthermore, 
during intense SIDs, the field strength may be reduced below the limit of sensi- 
tivity of the recording equipment so that no information is obtained concerning 
the progress of the disturbance near its maximum, which may be a most interesting 
phase. 

Radio waves from outside the earth also suffer additional absorption during 
an SID as was shown first by Jansky (1937) and later by Hey, Parsons, and 
PHILLIPS (1947). Since the records of cosmic noise are very smooth, apart from 
occasional periods of interference from atmospherics or radio stations, small 
changes in absorption can be detected and even during a very intense SID the 
intensity of cosmic noise at frequencies near 20 Mc/s is well above the limit of 
sensitivity, so that a continuous record is available of the progress of the dis- 
turbance. On some occasions, however, several minutes of the record may be 
lost during intense bursts of solar noise accompanying the flare. The sudden 
increase in cosmic noise absorption during an SID will be referred to as an SCA 
(‘sudden cosmic-noise absorption’’) and Section 2 discusses the observations 
of SCAs. 

Besides the direct effect of solar flares, it became apparent during the course 
of the work that for some flares, absorption increased about 30 hours after the 
flare occurred, and three particular cases will be discussed in Section 3. 


2. SupDEN INcREASES IN Cosmic NoIsE ABSORPTION 
Fig. 1 shows the record of cosmic noise made at Hornsby, N.S.W. (latitude 34° S, 


longitude 151° E) during a severe SID, together with a simultaneous record of 
the field strength of station VLQ3 (9-6 Mc/s, distance 650 km). The decrease in 
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Fig. 1. Records of the received cosmic noise power (above) and of the field strength of VLQ3 
(9:6 Mc/s, distance 650 km) (below) at the time of the very severe sudden ionospheric disturbance 
on April 20, 1951. 
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the received intensity of cosmic noise accompanying the increase in absorption 
is clearly seen. Several other typical examples of the variation in cosmic noise 
intensity during SIDs are shown in Fig. 2 and these illustrate the utility of this 
technique in observing SIDs. In Fig. 2 the full lines represent records during 
SCAs and the dashed lines the variations to be expected if the SCAs had not 
occurred (obtained for example from records at the same sidereal time on 
neighbouring days). 
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Fig. 2. Typical variations of observed cosmic noise intensity during sudden ionospheric dis- 

turbances. Abscissae: hours (U.T.) on the dates shown; ordinates: relative received power. 

The full line shows the variation on the day of the disturbance and the dashed line the variation 
to be expected if there had been no disturbance. 


Figure 2(a) illustrates the advantage of having a continuous and accurate 
record of absorption. A small SCA commenced at 2159. Before recovery was 
complete, a second and larger SCA commenced at 2226. The appearance of the 
record during this SCA, with two absorption maxima (corresponding to the two 
minima in received power at 2234 and 2248) suggests that it was, in fact, due to 
two overlapping flares, the second commencing at 2237. With a cruder form of 
recording it is probable that the compound nature of the last SCA would not have 
been noticed. 

Of the other cases illustrated all are simple SCAs. Figure 2(b) shows a fairly 
small SCA and Fig. 2(e) one of the smallest detectable. Figure 2(d) shows the 
reception of an intense burst of solar noise just after the start of the SCA with 
smaller bursts at other times. 

Figure 2(c) is taken from the record shown in Fig. 1 and shows the most intense 
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SCA recorded during more than two years’ operation. It corresponded to an 
increase in absorption of over 7 decibels at 18-3 Mc/s during a single passage 
through the ionosphere at vertical incidence. It was recorded as a complete 
fadeout on communications circuits and also by the Canberra ionosphere recorder; 
the cosmic noise record is the only one that gives a continuous record of the 
absorption variations. 

It is of interest first to compare the data concerning the occurrence of solar 
flares and of SCAs; later the statistics of the SCAs themselves will be considered 
and comparisons made with other methods of observing SIDs. 


2.1. SCAs and solar flares 

During the year July 1950 to June 1951 inclusive, 176 SCAs were recorded and 
for the same period the Quarterly Bulletin on Solar Activity reported 171 flares 
during daylight hours at Hornsby. The observations of flares and SCAs are 
summarized in Table 1. In considering Table 1 it should be remembered that the 


Table 1. Observations of solar flares and SCAs 


Of 171 flares observed during the period, 
49 coincided with SCAs, 
42 occurred at times for which there were no cosmic noise records, 
43 occurred during the presence of interference (31 occasions) or of strong solar 


noise (12 occasions), 
37 were not accompanied by SCAs, although there was little or no interference. 


Of 176 SCAs observed during the period, 
49 coincided with solar flares, 
89 occurred at times when there were no solar observations, 
38 occurred when the sun was under observation but no flares were reported. 


equipment was not used primarily for observing SCAs, so that many may not have 
been detected while the equipment was being used for special purposes. For 
example on 12 occasions when flares were observed, the aerial was directed towards 
the sun during severe solar noise storms. The received noise intensity was fluctu- 
ating violently and only a very large SCA would have been detected. Also no great 
precautions were taken to avoid interference from radio stations or atmospherics. 
Large SCAs can still be detected even during fairly heavy interference. If equip- 
ment to suppress interference, such as suggested by LAFFINEUR and KOURGANOFF 
(1950), had been used, the 31 occasions on which flares but no SCAs were observed 
due to interference would, no doubt, have been much reduced in number. Even 
with the simple observing technique used, station interference and atmospherics 
were responsible for reducing the sensitivity on less than one quarter of the 
occasions on which flares were observed; on the other hand the sun was not 
watched, according to the diagrams in the Quarterly Bulletins, on one half the 
occasions on which SCAs were recorded. 

On all of the 37 occasions on which a flare was reported but no SCA, conditions 
being generally favourable, the flare was of Class 1 and of comparatively short 
duration. Some of these occurred within an hour of sunrise or of sunset and also 
on some occasions slight interference may have masked a small SCA which would 
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otherwise have been observed. On the other hand some of the 38 SCAs recorded 
when no flare was reported, although the sun was listed as being under visual 
observation, were very large and in fact included the second largest recorded. 
As suggested by BRACEWELL and STRAKER (1949) it is probable that on at least 
some of these occasions the solar observations were intermittent, or confined to 
one portion of the sun’s disk. 

The relation between the importance of a flare and the maximum absorption 
during the associated SCA on the occasions when both were recorded is indicated 
in Fig. 3. In this figure each strip represents one of 44 SCAs, arranged in order 
of maximum absorption, the importance of the solar flare being indicated by 
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Fig. 3. Illustrating the relation between the size of SCAs and the importance of the associated 

solar flare. Vertical strips represent SCAs arranged in order of size. If the associated flare was 

of Class 1 the strip has been left white. For flares of Classes 2 and 3 the strips are shaded and 
black respectively. 


shading. It is seen that the flares classed 2 or 3 are clearly associated with the 
larger SCAs. Examination of Fig. 3 shows that if the classification of the flares 
had been carried out on the basis of the maximum absorption during the associated 
SCA, taking the boundaries between classes at 0-6 db and 2 db, then 80 per cent, 
60 per cent, and 50 per cent of the flares classed 1, 2, or 3 respectively on the 
basis of optical observations would have been placed in the same class. 

It has been reported by McIntTosuH (1951) and by ELuLison (1950) that com- 
munications fadeouts commence on the average some five minutes after the start 
of the associated flare, whereas observations of SPAs indicate that a flare has an 
effect on the ionosphere almost as soon as it becomes visible in the spectrohelio- 
scope. In the course of the present work, times of start were recorded with an 
accuracy of about +2 minutes for practically all SCAs. However, of the 49 
occasions on which an associated flare was reported, on only 18 of these were 
definite times of start given. From these 18 occurrences the delay between the 
times of start of the flare and of the SCA was found to be 1 + 1 minute, which 
for the small number of occurrences is not significantly different from zero. 
Presumably the higher values of this delay previously reported for communi- 
cations fadeouts are due to the fact that under those operating conditions iono- 
spheric absorption must increase considerably at the start of an SID before its 
effect is noted, whereas with the present technique very small changes can be 
detected. 
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2.2. Characteristics of SCAs 

For each SCA the following data were recorded: time of start; time of maximum 
absorption; the size, being the maximum absorption in decibels; and the time 
at which the cosmic noise intensity had apparently returned to normal. The 
times of start and of maximum absorption could be estimated to within one or 
two minutes, but the accuracy of the times of ending was much less, since towards 
the end of an SCA the rate of change of absorption is very slow so that the end of 
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Fig. 4. (a) (Inset) The frequency distribution of SCAs of different sizes. (b) The cumulative 

frequency distribution for SCAs and SPAs. Each full circle represents the percentage of the total 

number of SCAs observed which had the appropriate size or greater. The crosses give similar 
figures for SPAs. The curves are possible empirical distributions as explained in the text. 


an SCA is ill-defined. The time of finish was defined as the time at which the 
absorption had fallen to 10 per cent of its maximum value. This time was generally 
estimated directly from the appearance of the record; a more accurate estimate 
could be obtained by detailed comparison of the record on which the SCA occurred 
with records on neighbouring days. Maximum absorption was calculated by 
taking the ratio in dec-bels of the received power at the time of maximum 
absorption to the power that would have been received in the absence of the SCA. 
It may be remarked that the absorption as measured corresponds to a single 
passage of the radiation through the absorbing region, and that the absorption 
at other frequencies not too close to the gyro-frequency should be inversely pro- 
portional to the square of the frequency. In some cases the aerial was not directed 
to the zenith and the observed absorption was multiplied by the cosine of the 
zenith angle of the direction of maximum sensitivity of the aerial beam to obtain 
an estimate of the absorption that would have been observed at vertical incidence. 
The zenith angle of the aerial beam was generally less than 20° although occasionally 
it was 40°, so the correction applied was never large. 

Figure 4(a) shows a histogram of the frequency of occurrence of SCAs of 
various sizes and Fig. 4(b) shows (full circles) the cumulative frequency distri- 
bution—the percentage of the total number of SCAs having a given size or greater. 
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The mode of the distribution in Fig. 4(a) is at 0-2 db, SCAs of size 0-1 db being 
less frequent. This suggests that 0-2 db was the size of the smallest SCA which 
could be readily detected under average conditions, smaller SCAs being detected 
only under more favourable circumstances. 

The curves drawn in Fig. 4(b) represent the cumulative frequency distribution 
to be expected if the number, n dS, of SCAs in a small range, ds, of sizes were 
related to the size, S, by a relation of the form 

ndS = kS-? dS 
k being a constant and the numbers on the curves corresponding to different 
values of p. It is seen that the experimental points are fitted well for a value of p 


close to 2. That is 
ndS = kS- ds. 


| 


NUMBER 






































T : T T 
25 10 15 
DURATION TIME OF GROWTH 
a b 
Fig. 5. The frequency distribution of SCAs of different (a) durations, (b) times of growth. 


Figure 5 shows histograms of (a) duration and (b) time of growth. These have 
been compared with similar histograms given by BRACEWELL and STRAKER for 
SPAs. In each case the general form of the histograms is the same; the median 
and quartiles for each of the two cases are given in Table 2. It is seen that both 


Table 2 





Median Quartiles 





Time of growth 4, 9 min. 
54, 103 





Duration 15, 34 
26, 48 











for duration and for time of growth the relative spread of the values, as indicated 
by the range of the quartiles, is nearly the same. The times for SCAs are in each 
case shorter than the times for SPAs but the differences are not great. Part, at 
least, of the difference in duration of SCAs and SPAs may be due to a possible 
underestimate of the durations of some SCAs, although this should not affect 
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the time of growth. Figure 6 is a scatter diagram of duration against the size of 
the SCAs. As might be expected, the larger SCAs tend to have longer durations; 
there are few large SCAs of short duration. 

It has been reported previously (McINTosH, 1951) that communications 
fadeouts occur more frequently in the morning than in the afternoon. A similar 
result was found for the present observations of SCAs. This, however, is almost 
certainly an instrumental effect, due to atmospheric interference. The ratio of 
the number of SCAs in the morning to the number in the afternoon was greatest 
in summer, when atmospherics were often strong during the later hours of the 
day, and reduced to unity in winter. It is probable that the excess of morning 
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Fig. 6. Scatter diagram of SCA duration against size. 


over afternoon communications fadeouts is similarly affected by the observational 
conditions (for example, the variation of maximum usable frequencies during 
the day) and it is considered that at present there is no certain evidence for a real 
forenoon bias in the occurrence of SIDs. 


2.3. Relationship between the sizes of SCAs and SPAs 


There are difficulties in observing SPAs in Australia and a detailed comparison 
of individual SCAs and SPAs was not possible. However some idea of the relation- 
ship between the sizes of SCAs and SPAs may be obtained by comparing the 
observations of SCAs (made in Australia during 1950-51) with BrRacEWELL and 
STRAKER’S observations of SPAs (made in England during 1947-48). Even such 
a rough comparison should be of value in connection with theoretical studies of 
the D-region. 

Figure 4 includes (crosses) the cumulative frequency distribution of sizes of 
SPAs. The (logarithmic) scale of SPA sizes has been shifted so that the distri- 
butions of the sizes of SCAs and SPAs fit as closely as possible. It is seen that 
the distributions fit well over a wide range of sizes with a linear relationship 
between sizes of SPAs and SCAs, an SCA of size 1 db corresponding to an SPA 
of size 240 degrees. This relationship may not hold for the larger disturbances. 
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A relationship between SCA and SPA sizes was also obtained by finding the 
median sizes corresponding to small ranges of duration of the two phenomena 
(from Fig. 6 and a similar figure in BRACEWELL and STRAKER’S paper). This 
suggested that an SCA of size 1 db corresponded to an SPA of size 130 degrees. 

Although these estimates must be only rough, it would appear that at present 
a reasonably good approximation is that an SCA of size 1 db would be associated 
with an SPA of size 200 degrees. 


2.4. Discussion—(i) Sensitivity of the present technique 

BRACEWELL and STRAKER (1949) have shown that communications fadeouts are 
not reported unless the corresponding SPA has reached a size of 150 to 200 degrees. 
Taking a 1 db SCA as corresponding to a 200-degree SPA, this implies that 
communications fadeouts cannot be recognized unless the ionospheric absorption 
has increased to such an extent as to produce an SCA of size 0-75 db to 1 db. 
The threshold for SPAs is much smaller, 40 degrees, corresponding to an SCA of 
0-2 db. Since the threshold for the detection of SCAs with the Hornsby equipment 
is also 0-2 db it appears that the present method of detecting SIDs is as sensitive 
as the observation of very long wave phase anomalies. It has the great advantage 
over the latter method of not requiring nearby high-powered very long wave 
transmitters which are few and far between. 


(it) The relationship between the sizes of SCAs and SPAs 


It has been shown (BERKNER and WELLS, 1937) that during an SID the #- and 
F-regions of the ionosphere are practically unaffected by the additional ionizing 


radiation, but a great change occurs in the D-region. Although the cosmic noise 
radiation passes completely through the :onosphere and normally suffers attenu- 
ation in both the D- and F-regions (Mirra and SuHaIn, 1953), it is reasonable to 
assume that the extra absorption revealed as an SCA also occurs in the D-region. 
It is of interest to see how the present information concerning the relative sizes of 
SCAs and SPAs agrees with certain theories of the formation of the D-region. 
BRACEWELL (1952) has shown that for a simple Chapman region, a large 
SPA, involving a fall of the 16 kc/s reflecting level by two scale heights from a 
height initially two scale heights below the level of maximum ionization, could 
be explained only if the intensity of the incident solar radiation increased by a 
factor of the order 10°. This would lead to an increase in the maximum ionization 
density and in the absorption of radiation passing through the region by a factor 
of the order 101°. To obviate the need for such prohibitively large increases in 
ionization density, and hence absorption, BRACEWELL abandoned the assumption, 
implicit in the Chapman theory, that the number of electrons is a small fraction 
of the number of ionizable particles, and he considered the case of “‘exhaustion 
regions,” the limiting case being that in which all the ionizable particles are 
ionized down to a certain level, below which there is practically no ionization. 
He found that an SPA of the size considered above could be produced by only 
moderate increases (about 15 times) in the intensity of the solar ionizing radiation. 
However, it may be shown from Section 2.3 of BRACEWELL’s paper that in these 
circumstances the increase in absorption during the SCA corresponding to an SPA 
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is too small to account for the relationship between the sizes of SCAs and SPAs 
found above unless the maximum electron density of the region was very high 
(of the order of 10° per cc for only a moderately large SID) in the undisturbed 
condition before the SPA commenced. That is, although BrRacewELt found that 
SPAs could be produced in a simple Chapman region only with very great difficulty, 
in his “exhaustion region” SPAs can be produced too easily. 

Further theoretical work concerning the formation of the region causing SIDs 
is necessary, but it is apparent that the detailed comparison, during particular 
SIDs, of the variations in apparent height of reflection of long waves and the 
variations in total absorption, by observation of the accompanying SCAs, should 
be of great value in checking possible theories. 


3. INCREASED ABSORPTION AFTER CERTAIN SOLAR FLARES 


In the course of the analysis of the cosmic noise records, it became apparent that 
at certain times ionospheric absorption was considerably higher than the average 
values for the same periods on neighbouring days. Absorption depends markedly 
on the critical frequency of the F, region, f,/,, which varies considerably from 
day to day, but on these occasions f,/, was not exceptionally high, nor was there 
evidence of increased absorption due to SCAs. It was thought that these periods 
of increased absorption might be delayed effects of solar flares. An attempt was 
made to study this effect statistically by the superposed epoch method taking as 
the zero time the times of start of Class 2 flares (there was none of Class 3) which 
occurred in the months for which the records had previously been analyzed for 


absorption, namely July, September, November, and December 1950. However, 
owing to gaps in the records and the comparatively large number of flares no 
clear evidence for a delayed absorption effect could be found, although there 
was some indication of such an effect. It was therefore decided to study in detail 
the absorption after those major flares (Class 3) for which records were available 
on several days before and after the days on which the flares occurred. Three 
cases were available for study and the particulars of the flares are given in Table 3. 


Table 3 





Time of start of flare Distance from ; 
(U.T.) central meridian homvatry 








1950 August 4 2254 Mt. Wilson 
1951 February 19 1401 2 Edinburgh 
March 24 1135 fr Edinburgh 











In each case absorption was calculated for each hour on several days on 
either side of the day on which the flare occurred and the average values were 
found for each hour of the day. Then the variation from the mean was found for 
each hour from 10 hours before to more than 50 hours after the start of the flare. 
The values were slightly smoothed by taking three-hourly running means and 
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the results are shown in Fig. 7 where deviation of absorption from the mean is 
plotted against time from the start of the flare. Underneath each time scale is 
indicated the corresponding 150° E time. In the case of the August flare, the flare 
was accompanied by a large SCA which shows up as the high absorption near 
hour zero. The other two flares occurred during darkness at Hornsby so that no 
direct effects are to be expected. 
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Fig. 7. Three-hourly running means of the deviations of absorption from the average hourly 

values, plotted against time after a solar flare. Underneath each time scale is given the appropriate 

150° E time. In the case of the August and February flares, arrows indicate the earliest time of 

beginning of magnetic storms after the flare. For the March flare the earliest magnetic storm 
began 63 hours after the flare. 





It will be seen that for each flare there is a pronounced increase in absorption 
with a maximum between 24 and 36 hours after the flare began. The increase is 
large, corresponding to nearly one quarter of the normal average maximum 
absorption at noon. In each case the maximum excess absorption occurs near 
0900 150° E time and the increase begins before sunrise. 

It was at first thought that the increased absorption might be associated with 
magnetic storms, which often appear a day or so after important solar flares. 
However, from the list of storms given in the appropriate issues of the Journal 
of Geophysical Research, it was found that magnetic storms did not begin until 
some further time had elapsed after the maximum of the absorption increase. 
The arrows in Fig. 7 under the curves for the August and the February flares 


326 





Effects of solar flares on the absorption of 18-3 Mc/s cosmic noise 


indicate the earliest report of the beginning of magnetic storms. March 1951 was 
a generally disturbed month; the earliest storm reported began 63 hours after 
the flare. In each case the storm began with a “‘sudden commencement.” 
Examination of the lists of the magnetic K-indices showed that the increased 
absorption occurred during periods which were relatively quiet compared with 
neighbouring days. In a further search for any magnetic effect, the hourly values 
of the magnetic elements H, D, and Z as recorded at Toolangi (latitude 38° S, 
longitude 146° E) and Watheroo (latitude 30° S, longitude 116° E) were treated 
in a similar fashion to the absorption measurements. Departures from the means 
of the hourly values over 7 days were found for the period 10 hours before to over 
50 hours after the times of the flares. There was no definite evidence of any 
characteristic magnetic variation during the absorption increase but the curves 
suggested that there may have been small (about 10 gammas or less) decreases in 
H and increases in Z compared with the average values. It is clear that more 
data are required before any conclusion can be reached concerning possible 
associated magnetic effects, but it is suggested that in future when storm time 
variations of the magnetic elements are being examined in detail, the work might 
well be extended to include data for a day or so before as well as after the commence- 
ment of the magnetic storms. 

The origin of the increased absorption is obscure. Detailed examination of 
the values of f,F, during the periods of interest showed that at least the normal 
variation of absorption with f,/, discussed by Mirra and SHAIN (1953) could 
not account for the abnormally high absorption measured. The other parameters 
of the F-region did not have exceptional values during these times and it is 
unlikely that the origin of the excess absorption lies in the F-region. A brief 
examination of the Slough data on D-region absorption at noon, as depicted by 
LancE-HEssE (1953) for the period April 1947 to March 1952, suggests that the 
measured values of the absorption index are not exceptionally high on days 
following Class 3 flares, at least during summer. During the winter months, the 
wide variations from day to day would mask an effect of the type under discussion. 
The fact that the excess absorption is apparent before sunrise suggests that any 
D-region effect should be readily observed in appropriate pulse reflection 
experiments. 

A further possibility exists, namely that the absorption may be due to attenua- 
tion in a cloud of ionized particles outside the earth. Such a cloud, if sufficiently 
dense, could either cause divergence of the ray paths to the aerial or possibly 
change by refraction the direction from which the aerial was receiving radiation, 
so that the aerial might observe a less “noisy” part of the sky than expected. 
Such refraction would cause an apparent increase in absorption but it is most 
unlikely to be serious since the increased absorption occurs for periods greater than 
12 hours and it would be expected that for some times of the day refraction would 
increase rather than decrease the aerial noise power. If the hypothetical cloud of 
corpuscles is coming from the sun and is later responsible for the magnetic storms 
observed, it is difficult to account for any effect, either by divergence or refraction, 


before sunrise. 
We conclude that present data are insufficient to give any clear indication of 
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the origin of the excess absorption. The next steps would appear to be the study 
of more cases both by the cosmic noise and pulse techniques. The combination 
of the two methods should indicate whether the origin is in the ionosphere or not. 


4. CONCLUSION 


The results presented in Section 2 show clearly that observations of the changes 
in the intensity of cosmic noise provide a very sensitive method of detecting and 
of obtaining detailed information concerning the progress of sudden ionospheric 
disturbances, and hence of solar flares. Of considerable practical importance is 
the fact that this method, while one of the most sensitive, is very simple. The 
operation of several stations well distributed in longitude, which was not readily 
possible with the very long wave, sudden phase anomaly technique, is quite 
feasible and would give valuable information both for forecasting magnetic and 
ionospheric conditions and also for the study of the solar flares themselves. In 
addition it has been shown that the cosmic noise observations in conjunction 
with other observations of SIDs should help in the study of the physical conditions 
in the ionosphere during such disturbances. 

The result that increased absorption follows at least some solar flares after an 
interval of the order of one day, even though the earth’s magnetic field is not 
greatly disturbed, is worth following up since it may throw further light on the 
magnetic and ionospheric disturbances associated with flares. 
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ABSTRACT 

The measurements on the dayglow made with rocket borne instruments are discussed critically. It 
is contended that the reported great altitude and great luminosity of the emissive source cannot be 
reconciled with the natural supposition that the phenomenon is due to direct photo-action by the 
incident solar radiation. An attempt is made to predict the main features of the airglow likely to result 
from resonant and fluorescent scattering, photo-dissociation, photo-ionization, and recombination in 
the ionized layers. 


1. INTRODUCTION 


Numerous studies have been made of the nocturnal emission from the Earth’s 
upper atmosphere, that is of the nightglow, but similar studies of the analogous 
dayglow have until recently been impracticable because of the dominance of Ray- 
leigh scattered light near ground level. The development of the rocket as a research 
tool has changed the situation, for, though the technical difficulties are formidable, 
observations can now be made from levels above which Rayléigh scattering is 
inappreciable. An account of the results obtained so far has just been published by 
Miney, CuLLIneTon, and BEpINGER (1953). After considering the problem of 


interpreting these we shall make an attempt at predicting the general features of 
the dayglow. 


2. DiIscussION OF OBSERVATIONAL DATA 


2.1. Muivey et al. (1953) report that the intensity of the light recorded by photo- 
meters mounted on rockets falls off with altitude until the 30 km level is passed 
but that between the 40 km level and the 135 km level (which is the highest 
attained) it remains essentially constant. They attribute the initial decrease to the 
diminution of the contribution from Rayleigh scattering and deduce that the 
measurements made at altitudes above 40 km refer to the true dayglow, the source 
of which they place at an altitude of more than 135 km to explain the observed 
constancy. Perhaps the most remarkable conclusion reached is that concerning the 
absolute intensity. The spectral region from 4 6360 to A 4260 was surveyed by 
means of eight interference filters. No great variation with wave length was found 
and according to Minky et al. the energy flux in the various 20 A bands sampled is 
of order 0-5 microwatts/cm?. If this is correct it would appear that the total energy 
flux exceeds 50 microwatts/cm? or 3 x 10!4eV/em? sec, and that the photon 
intensity of the dayglow is more than 10!4/cm? sec. 

2.2. Consider now the incident solar radiation. Table 1 gives information on 
the photon intensities in some wave length ranges of interest. The first five entries 
are based on the work of Pettit (1940), the next four and the last four are based 
on the rocket measurements described in the reviews by NEWELL (1953) and 
Tousry (1953); the remaining entries (in brackets) are based on the assumption 
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Incident solar radiation 





Wave length range 


(A) 


(/em? sec) 


Photon intensity 





7000-6000 
6000-5000 
5000—4000 
4000-3500 
3500-3000 
3000-2800 
2800-2600 
2600-2400 
2400-2200 


2200-2000 
2000-1800 
1800-1600 


6 = 5000°K 
(5 x 1013) 
(2 x 1018) 
(5 x 1012) 


1016 
1016 
1016 
1016 
1015 
1015 
1014 
1014 
1014 


HK DIANA RAD 
mE SE De OO 


6 = 4500°K 


(1 x 1033) 
(3 x 1012) 
(8 x 101) 


1650-1425 2 x 10! 
1340-1230 1 x 101° 
1230-1040* 2 x 108° 
1050— 910 1011 to 1012 


* Includes Ly(«), A 1216. 








Table 2. Properties of some molecular electronic transitions 





Wavelength 
at absorption 
threshold 
(A) 
12690 
7620 

-~3000 
2860 
2760 
2030 


Transition 
(> allowed, +» forbidden) 


Spectral region of 


Molecule f hale 
main emission 





O, +>a lA, infra-red 
+>b 1Z7 red atmospheric 
+A3Q * 

+> A3D HERZBERG 

+ec 1Z5 * 


+ BS, 


infra-red atmospheric 
visible and infra-red 
visible and ultra-violet 
visible and ultra-violet 
visible and ultra-violet 


ScCHUMANN-RUNGE visible and ultra-violet 


‘45 A3D7  VeEGARD-KAPLAN 2010 visible and ultra-violet 
+ A *rt 
+ Bi 
+ O *Et 
+ D*=t 


ultra-violet 
visible and ultra-violet 

ultra-violet 

ultra-violet 


2260 
2200 
1910 
1880 


Kiss. +26 4 CAMERON 2060 ultra-violet 


X21 -.A?%Z+ resonance 3090 ultra-violet 


XII, + A*II, 2nd negative 2620 ultra-violet 


NZ MEINEL 


X*ry + A‘, 
+ B*ry 


11130 
3910 


infra-red 


Ist negative visible 














* The *A, and 'Z, terms are those discussed theoretically by Morretr (1951) and studied experi- 
mentally by HerzBERG (1953). 
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that the effective temperature of the Sun between A 2200 and A 1600 is either 
5000°K or 4500°K* (cf. NicoLet, 1945; GREENSTEIN, 1949). 

Even allowing for improbably large errors in the values cited it is apparent that 
if the photon intensity of the dayglow is indeed in excess of 10!4/cm? sec then the 
solar radiation responsible would have to be either that in the unexplored region 
to the short wave length side of 4 910 or that in the region to the long wave length 
side of 21800. For convenience we shall designate these regions as A and B 
respectively. It may be remarked that the photon energies in the first are more 
than 13-6 eV and those in the second are less than 6-9 eV. 

Though the photon intensity in region A has not been determined directly some 
information on it is available from the radio studies of the H- and F-layers. The 
value even at the maximum of the sunspot cycle is usually given to be only 101°/cm? 
sec. This may be an underestimate (BATES, 1951) but there is little doubt that the 
true value is also quite insufficient: thus confining our attention to the wave length 
ranges in which the radiation suffers considerable attenuation before the 135 km 
level is reached, we readily see that the photon intensity in these cannot be as much 
as 1012/cm? sec, for if it were the rate of production of O+ ions at the level where 
the number intensity n(O) is 10®/cm* would be at least some 103/cm? sec, which is 
an unacceptably high rate for such a slowly recombining species. 

Region B requires closer scrutiny but is also most unpromising, it being difficult 
to see how a strong emission, mainly from above an altitude of 135 km, could arise 
since the atmosphere is extremely transparent to the radiation concerned, most of 
which actually penetrates to below the 50 km level (cf. Vassy and Vassy, 1942; 
HopFIiELD, 1946; TousEy, WATANABE, and PURCELL, 1951). 

Chemical processes cannot be the source sought since even if sufficient energy 
could be absorbed in photo-dissociation continua (and this does not seem possible), 
its liberation would require the association of major constituents through two-body 
radiative collisions or through three-body collisions leading to excitation, both of 
which proceed so slowly that any emission originating from the high altitude region 
under discussion would persist long after sunset. 

Resonant or fluorescent scattering might appear a rather more attractive possi- 
bility. Except in the case of a constituent forming a suitably localized layer it is 
open to the objection that owing to absorption in the wings the emission would in 
general continue to occur deep in the atmosphere so that the luminosity observed 
from the 40 km level would be greater than that observed from the 135 km level. 
However, it might be argued that the unwanted part of the emission is suppressed 
by deactivating collisions; and though this argument is most implausible (as may 
be seen by following it through in detail) we judge it best not to regard the objection 
mentioned as final and shall examine other aspects of resonance and fluorescence. 

To make the position clear we have listed in Table 2 the electronic transitions 
of the normal diatomic moleculest present which in absorption have a threshold to 


* These are the effective temperatures just beyond the long and short wave length limits of the region. 
Within the region 5000°K is therefore likely to be an overestimate and 4500°K an underestimate. 

+ Polyatomic molecules may be neglected since apart from other considerations they are concentrated 
at relatively low altitudes (cf. BATES and WITHERSPOON, 1952). Free atoms may easily be shown to 
provide much too feeble a source in the atmospheric region above the 135 km level. The total contribution 
from them is discussed in the next section. 
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the long wave length side of A 1800 and have indicated the significant characteristics 
of each. A striking feature is that the ensuing emissions are mainly outside the 
spectral range A 6360—4260 studied by Mixzy et al., some being in the infra-red but 
most in the ultra-violet. Moreover, the majority of the transitions which result in 
emissions in the visible are forbidden and therefore utterly unimportant in the 
present connection. As an illustration of this let us consider the red atmospheric 
system of O, which is favoured compared with the others by having a very low 
excitation energy. Though the (0, 0) band lies at 4 7596 we will treat it as it is the 
strongest member. Noting that the associated Einstein coefficient, ~ ((0), b1>7 
— (0), X *S7; O,), is about 0-16/sec (CHILDS and MEcKE, 1931; VAN DE HU st, 
1945) and neglecting the effect of Fraunhofer lines we find from the standard 
resonance scattering formula (see appendix) that the photon emission rate per 
illuminated molecule 


n((0), 625% — (0), X 257; O.) < 1-4 x 10-8/sec. (1)* 


As an upper limit the number of O, molecules above the 135 km level, W(O, | 135 
km), may be taken to be 10!6/em? columnt (cf. NIcoLET and ManaE, 1954). We 
hence have that the photon intensity coming from above this level 


I1((0), 625+ — (0), X >> ; O, 1135 km) < ~ 108/cm? sec. (2) 


It is manifest without detailed calculations that the other forbidden systems 
cannot be invoked to explain the observations of MiLey et al.; thus the oxygen 
systems extract only a minute fraction of the incident radiation even in equivalent 
air path of some 104 atoms-cm. (HERZBERG, 1952, 1953); and the nitrogen system 
has never yet been detected in absorption. 

Two of the allowed systems which fluoresce in the visible, the 6 system of NO 
and the first negative system of Nj, belong to rare constituents and can also be 
dismissed with assurance. 

MiGcEoTTE and NEvIN (1952) have shown that the abundance of nitric oxide 
molecules in the atmosphere does not exceed 5 x 10!7/em? column, and there is no 
doubt that .#(NO| 135 km) is many orders of magnitude smaller (cf. BATES, 1952a). 
From the absorption coefficients given by WATANABE, ZELIKOFF, and INN (1953) 
and the formulae in the appendix we hence obtain that the photon intensity 


M(B Il — X *I1; NO | 135 km) < 10"/cm? sec. (3) 


At the time of the airglow observations the number of ions of all types in the 
F-layers cannot have been more than about 10!3/em? column. Of these probably 
only a small fraction can have been Nj; ions, for according to the laboratory 
measurements of BIlonpI and Brown (1949) and of FatreE, FUNDINGSLAND; and 
ADEN (1954) the rate coefficient of the dissociative recombination process 


Ni} +e>N’4+N" (4) 


is far greater than the effective recombination coefficient found in the layers by 
* Here and throughout the paper the insertion of the < sign without comment signifies that deacti- 


vation has been ignored but may be appreciable. 
+ Allowance is made here for departure from local photo-chemical equilibrium. 


332 





Theoretical considerations regarding the dayglow 


the radio workers. Accepting this and revising some earlier calculations on scatter- 
ing in the first negative system (BaTEs, 1949) by replacing the original estimate of 
the Einstein coefficient by the later value given by SHULL (1951) we find 


N(B? Ss}; — X?>+; Ny | 135 km) < 10!/cm? sec. (5) 


It may be remarked incidentally that there are few other scattering processes 
involving visible radiation which might be very much more effective during the day 
than during the twilight period. 

The only other allowed system which need be discussed is that of ScHuMANN- 
Runae. In spite of the fact that it belongs to a major atmospheric constituent it 
also provides too feeble a source in the region above the 135 km level, the reasons 
being that the excitation energy is high and that the relevant Franck-Condon 
factors are very small. Taking .(O, | 135 km) to be at most about 10'6/cm? 
column, as before, and using the measured absorption coefficients (WATANABE et al., 
1953) we obtain 


N(B* >, — X*57; O, | 135 km) < ~ 108/cm? sec. (6) 


which is extremely low. 

In our discussion of resonant and fluorescent scattering we have so far 
confined our attention to normal molecules. It might, however, be suggested that 
scattering by excited molecules produces the main luminosity. 

Against electronic excitation being important in this connection it may be urged 
that if the terms concerned were populated by direct photo-action or by collisions 
with fast photo-electrons* the mechanism would be a double one; and hence the 
square of the solar dilution factor, that is of the very small number 5-44 « 10-6, 
would appear in the external factor of the formula for the intensity. The conclusion 
indicated by this potent general argument is strongly supported by investigations 
which were carried out on what seem the more favourable cases. Details of these 
need not be presented. 

In many instances vibrational excitation would lead to a marked increase of 
the scattering owing to the entry of very much larger Franck-Condon factors. 
However, it seems improbable that the effect can account for the intensity reported. 
The ScHuMANN-RuNGE system is the one likely to be most enhanced but it would 
still be too weak even if 10% of the oxygen molecules above the 135 km level had 
vibrational energy of as much as 2 eV. Little plausibility can be attached to such 
a high degree of excitation. 

The survey we have made clearly suggests that the tenuous air at altitudes 
greater than 135 km cannot extract enough energy from the incoming solar radia- 
tion to supply a source having a photon intensity of some 10!4/em? sec. There is, 
moreover, evidence that it does not do so, for reference to Table 1 shows that if it 
did many strong telluric lines would be formed, whereas the solar spectrum is in 
fact remarkably free from such lines; thus CLEARMAN (1953) and Bascock, 
Moore, and CorrEEN (1948) find none in the ranges / 2285-3000 and / 2935-3060 
respectively; and in their standard compilation St. JoHN et al. (1928) list none 


* Chemical processes cannot be invoked without difficulties arising in connection with the nightglow. 
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until A 5400 is reached* (when members of the O,, X >>> — 615} system naturally 
begin to appear due to absorption low in the atmosphere). 


3. THEORY 


As we have seen there are cogent reasons for believing that the results of MILEY 
et al. cannot be understood in terms of direct photoaction.f The anomalies revealed 
are indeed sufficiently grave to justify a repetition of the rocket measurements. 
Though it is conceivable that the dayglow is a manifestation of some quite unex- 
pected phenomenon (such as that the electron temperature in the F-layers is very 
high) we do not think that an exploration of purely speculative hypotheses would 
be justified at the present stage. Instead of pursuing such an exploration we shall 
discuss the emission to be expected from processes known to be operativef{ sup- 
posing the solar emission is as indicated in Table 2 and (unless otherwise stated) that 
Fraunhofer lines are absent. We shall use the adjective feeble to describe any 
spectral feature having a photon intensity of less than 10°/cm? sec. 


3.1. Atomic emissions. 
For convenience we shall consider the various atmospheric constituents separately. 


3.1.1. Oxygen. The excitation of the forbidden red and green lines§ through 
O (?P) + hy > O (-D) (7) 
and O (?P) + hy > O (38) (8) 


respectively has been considered by many authors in connection with the twilight 


flash. Cascading effects are of course unimportant. Taking the distribution 
amongst the levels of the ground terml| to be that corresponding to a temperature 
of about 200°K and adopting the ’s given by GARSTANG (1951) we find that the 
photon emission rates per illuminated atom are 
n(1D — 3P; OI | 90 km) < 7-4 x 10-1%/sec (9) 
and a(S —1D; OL |90km) < 3-5 x 1071?/sec (10) 
where, as always, the < sign indicates that account has not been taken of possible 
deactivation. Since (OI | 90 km) is of order 5 x 1018/em? column{ the total 
yields due to resonance and fluorescence are thus 
ID — %P; OI |90 km) <4 x 10%/cm? sec. (11) 
HN(iS —1D; O1 [90km) < 2 x 107/cm? sec. (12) 


* Admittedly this does not mean that there are no weak telluric lines; ST. JoHN et al., for example, 
do not list the lines of the Hueerins system of ozone (cf. PeTTiT, 1940). It should perhaps be mentioned 
that Bascock (1945) has proposed that certain spectral features should be attributed to the 
05% = —A ‘x and O,, X 72 — B ‘xT systems. However, he states that they are of solar origin; 
and in any event they are very faint. 

+ [Note added in proof} In harmony with our conclusions, Dr. BEDINGER informs us that it now 
seems possible that the observations refer, not to the true dayglow, but to an extra-terrestrial luminosity, 
the zodiacal light. 

+t We shall not discuss processes which also contribute to the nightglow. 

§ The forbidden ultra-violet line does not require separate treatment since its photon intensity is 
necessarily about a tenth that of the green line. 

|| The usual procedure is to regard the triplet as degenerate. This introduces slight errors, the derived 
intensities of the red and green lines being 0-8 and 2-0 times the true intensities. 

4 The abundance of atomic oxygen below the 90 km level is comparatively small. 
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As may readily be verified from figures given by BaTEs and Massey (1946), both 
are greater than the corresponding yields from 


O-(?P) + hy + O('D or 18) + e. (13) 


Production of O(!D) results from the photo-dissociation of molecular oxygen in 
the ScHUMANN-RUNGE continuum 


O0,(X 85>) + hy > OD) + O(8P) (14) 


which causes the solar radiation in the range 4 1300-1760 to be almost completely 
absorbed shortly after entering the region where the n(O,)/n(O) ratio is high. 
Taking 0, the effective temperature of the Sun, to be 5000°K we obtain 


II(}D — 3P; OI |90 km) < 4 x 10!2/cm? sec (15) 
and taking it to be 4500°K, which is perhaps more realistic, we obtain 
(:D — *P; OI |90km) <6 x 10"/cm? sec. (16) 


A further source of O(!D) is the photo-dissociation of ozone in the HaRTLEY 

continuum 
O, + hy OD) + 0,(X 837). (17) 

Some calculations carried out in another connection (BATES and WITHERSPOON, 
1952), but not published in full, indicate the respective total production rates above 
the 75, 65, 55, and 40 km levels are of order 1012, 1013, 10!4, and 1015/cm? sec. 

Other processes may also give rise to O(!D) atoms and so may certain recom- 
bination processes, but the probable yields are not such as to make it necessary to 
raise the limits already given. 

Consideration must be given to the possible effects of deactivation of O('D), 
the radiative lifetime of which is about 110 sec (GaRSTANG, 1951). From the 
quantal calculations of SEATON (1953a) it may be shown at once that 


OD) +e OP) +e (18) 


is of little importance. However, collisions with neutral particles probably cause 
serious destruction. In particular 

OCD) + 0X *z7, v = 0) > OP.) + 0,(6 157, v = 2) (19) 
is in essentially exact energy resonance and may be quite efficient. Even if the 
associated rate coefficient were but 10-!5 cm3/sec there would be a great sup- 
pression of the red line: for example, though the emission from near the 90 km level 
would be reduced by a factor of only about 0-3 the corresponding factors for the 
emission from near the 75, 65, 55, and 40 km levels would be 5 x 10-7, 8 x 10-3, 
3 x 10-3, and 7 x 10-4 respectively (which would nevertheless still leave the line 
very strong). The coefficient may of course be larger, but bearing in mind that the 
reverse process 

O(°P2) + 0,(6*d7, 0 = 2) > O('D) + O,(X *D,, v = O) (20) 
also occurs it would seem unlikely that the suppression is very severe in the upper 
part of the excitation zone. We tentatively suggest then that II(!:D — *P, OI | 2), 
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the photon intensity of the red line viewed from an altitude z, is at least of order 
1011/em?2 sec when z is 90 km; that it is considerably lower when z greatly exceeds 
this; and that it may be about the same or may be much higher when z is less 
depending on whether the deactivation coefficient is large or is small. 

Though the suppression of the red line at moderate altitudes may well be almost 
complete the excitation energy of the O(!D) atoms is not necessarily lost to the 
dayglow, it may merely be transferred* to other constituents which may themselves 
radiate—process (19), for example, leads to the formation of 0,(b137,v = 2) 
molecules. In view of the extremely large number of photons absorbed in the 
HARTLEY continuum this transference may be of great importance. 

Lack of basic laboratory data prevents any reliable estimate of the contribution 
to the green line from processes other than fluorescent scattering. However, it is 
worth drawing attention to what is perhaps the most promising source. The 
absorption spectrum of molecular oxygen shows a number of diffuse features in the 
region 4 1150-1350 (cf. WATANABE, ZELIKOFF, and Inn, 1953). Some of these may 
be true photo-dissociation continua and the remainder are probably bands 
broadened by pre-dissociation (PRicE and CoLuins, 1935). Tanaka (1952) has 
suggested that O(1S) atoms are one of the major dissociation products. Should this 
be the case the green line might appear quite strongly in the dayglow, a photon 
intensity of the order of 10!°/cm? sec being not impossible (cf. Table 1). Molecular 
oxygen naturally also absorbs at shorter wave lengths (cf. WEISSLER and LEE, 1952) 
and in particular does so in the region near the Lyman limit where the incident 
solar flux is thought to be high. An even greater photon intensity cannot therefore 
be excluded. Whichever spectral region is the ultimate source of the energy it is to 
be expected that the main emission occurs at altitudes not far from 100 km. 

Examination of the processes likely to be operative suggests that the observable 
allowed lines of atomic oxygen can scarcely be other than feeble (in the sense defined 
at the beginning of this section). Amongst the factors which militate against their 
appearance are their high excitation energies and the depopulation of the upper 
levels concerned by the lines in the vacuum ultra-violet. 

Excited ions may be formed through 


O(?P) + hv(> 16-9 eV) > O+(2D) + e (21) 
O(3P) + hv(> 18-6 eV) > O+(2P) + e. (22) 


Since O+(?D) has an extremely long natural lifetime (UFFoRD and GILMouR, 1950) 
and is rapidly deactivated by electron collisions (SEATON, 1953b) emission from it 
is inappreciable. Suppression of the emission from O*+(?P) is far from being so 
effective but in view of the high threshold of (22), and of the fact that there are 
other much stronger continua in the same spectral region, it is probable that 4 7330, 
2P-2D, and certain that 4 2470, 2?P-—4S, is feeble. 

3.1.2. Nitrogen. Duray (1951) has observed that the forbidden line 4 5199 is 
emitted during twilight and the early part of the night, its photon intensity 
decaying slowly from an initial value of the order 10°/cm? sec. Since the radiative 
life in the ?D term is some 20 hours (GARSTANG, 1951) and the work of Duray 


* Conversion of electronic into translational energy is not readily accomplished (cf. MassEy and 
Buruop, 1952). 


and 
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shows that deactivation is not very pronounced it follows that the line is also 
extremely feeble in the dayglow; and it follows too that so are the other forbidden 
lines, 2 3466 and 410,400, for emission from the ?P term populates the upper 
term of 4 5199 with an efficiency of almost unity. These conclusions are consistent 
with (but much more definite than) those indicated by an examination of the 
individual processes. 

The observable allowed lines are likely to be even weaker than the similar lines 
of atomic oxygen. 

3.1.3. Sodiwm and other elements. Reasonance scattering by free sodium atoms 
in a layer located in the 70-90 km region (BARBIER, 1948; HUNTEN and SHEPHERD, 
1954) causes the D-lines to be a prominent feature of the spectrum of the twilight 
sky, their photon intensity being about 101°/cm? sec* (BRIcARD and KAsTLER, 
1944; Barpier, 1948). This scattering must also occur during the day. It is 
possible too that the effect might be increased} by the liberation of some of the 
combined sodium by photo action. 

Doubtless the atmosphere contains traces of other elements having low lying 
levels which can be reached through allowed transitions. Such elements might 
conceivably contribute to the dayglow in spite of the fact that twilight observations 
give no indication of their presence. It would, however, be necessary for most of 
the free atoms concerned to be removed by chemical processes immediately after 
sunset. Sufficiently rapid removal is scarcely possible except at altitudes below 
perhaps the 80 km level. 


3.2. Molecular emissions. 

Detailed calculations are scarcely possible at present and we shall confine our- 
selves to making some general comments. An instructive approach is to consider 
the fate of the solar radiation in the various spectral regions. Figure 1 shows the 
penetration-wave length curve deduced by TousEy, WATANABE, and PURCELL 
(1951) and indicates the more important absorption processes. The estimated or 
measured incident photon intensities have already been given but are also included 
for ease of reference. 

Radiation to the short wave-length side of 1910 is mainly absorbed well above 
the 100 km level owing to the great opacity both of atomic oxygen (BaTEs and 
SEATON, 1949) and of molecular nitrogen (WEISSLER, LEE, and Monr, 1952). Most 
of the absorption is undoubtedly due to the photo-ionization continua. The subse- 
quent recombination probably leads mainly to line emission. However, band 
emission would ensue if one or more of the primary processes result in the forma- 
tion of excited ions. In particular 

N,(X 15+) + hy (> 16-7 eV) > N}(A 2I1,) + e (23) 
and 


N,(X 137) + hv (> 18.7eV) > NZ(B*ST) +e (24) 


* It may be mentioned that an elementary calculation shows that the D-lines must be at least about 
a hundred times stronger than any of the other sodium lines. 

¢ With a Fraunhofer central intensity of about 0-05 (SHANE, 1941) the photon yield per sodium 
atom is approximately 1/sec in the case of an optically thin layer; but if the number of sodium atoms is 
increased much beyond 1011/cm? column the yield falls off owing to reabsorption (BRICARD and KasTLER, 
1944) so that the possible day intensification of the D-lines is limited. 





337 





*‘peysorpur aie sessao0id uoidiosys ureur oy} pus so8duvs [erqoeds snowea ut 
selzisuazu! uozoYyd yueprour ey, “YyyZueTeABM ysureZe pozjo]d uOIyeIpes JBIOS OYA JO UOISSTUISUBIy JUGO Jed UO JOJ OpNITY “T “3 


N 


SQIOHSAYHL NOILVZINO! 


SONVE | WNNNILNOD | ae 
SONV@ ONV WONNILNOD A3I1LYVYH W3LSAS JONNY-NNVWNHOS | SONV@ ONY VANILNOD G3IdISSVIONN 





<=— H1LON3IT3AVM 
OOsz oos! ooo! OOS 





° 
a“ 


° 
4 
es 
< 
8 
q 
< 
a 
< 
ss) 
& 
a 
nN 
2 
E 
< 
a 
ae 
a 


+— I0NLILIV 





| si! ee [v0 =? | ¥i9! =e hae * 4 | Ol Xz | |oO!X1] gO! ahs [2Pi0!] 
20! XS Wo OOOS=@4 
yOlX® [Xo OOS’ =O 





(08S 2_wd) 
ALISN3LNI NOLOHd LNIOGIDNI 




















Theoretical considerations regarding the dayglow 


are potential sources of the MEINEL and first negative systems respectively.* 
Unfortunately the solar flux beyond the rather high thresholds involved is unknown 
so that little can be said about the photon intensities except that they can scarcely, 
exceed some 10!°/cm? sec and may well be much less. Another possibility is that 
the photo-ionization processes eject electrons with sufficient energy to excite the 
VEGARD-KaPLAN system by inelastic collisions with nitrogen molecules 


N,(X 137) + e> NA *d7) +e (25) 


but it is unlikely that this gives an appreciable contribution. 

Between 4910 and 41300 the atmosphere is comparatively transparent so that 
the incident radiation penetrates quite deeply. The various transitions concerned 
in the absorption are as yet far from being fully classified (cf. WEISSLER, LEE, and 
Monr, 1952; WEISSLER and LEE, 1952; Tanaka, 1952; WATANABE, ZELIKOFF, 
and INN, 1953). Some lead merely to ionization or dissociation. Others may lead 
to fluorescence, but as far as can be judged from the Grotrian diagrams degradation 
into the visible is unlikely to be important, most of the emission should instead be 
in the ultra-violet. 

The region from 41300 to 41760 is dominated by the ScouMANN-RUNGE con- 
tinuum which has already been discussed in connection with the forbidden red line 
of atomic oxygen. Beyond this, and extending to about A 2000, lie the ScHuMANN- 
RunGE bands. Near the short wave length limit the solar radiation penetrates to 
about the 90 km level and near the long wave length limit to about the 40 km 
level.f As the incident photon intensity in the spectral range concerned is probably 
at least some 3 x 1012/cm? sec SCHUMANN-RUNGE fluorescence, which is mainly in 
the ultra-violet but partly in the visible, must make a significant contribution to 
the airglow. The magnitude and character of the contribution naturally depends 
on the observing altitude. Above the 90 km level the emission must be principally 
in the higher v’-bands and may be influenced by Fraunhofer lines due to molecular 
oxygen; with decreasing altitude these bands should grow more intense and broader 
(due to absorption in the wings) and the lower v’-bands should enter to an increasing 
extent; and from the 40 km level the emission may appear as a continuum. 

The major absorption process to the long wave length side of 42000 is the 
photo-dissociation of ozone in the HARTLEY continuum. In addition there are, 
however, several discrete systems which may give rise to appreciable resonant or 
fluorescent emission. 

Using the measured oscillator strengths associated with the individual bands of 
O,, X >>> — 61>} (Cumtps and MEcKE, 1931; VAN DE HULST, 1945) we find that 
in the region above 90 km the total rates of entry into the v’ = 0, 1; 2, and 3 
vibrational levels of the upper term are of order 2 x 1011, 6 x 109, 1 x 108, and 
4 x 108/cm? sec respectively; that the corresponding values in the region above 
70 km are 4 x 10!2,2 x 104, 3 x 10%, and 1 x 108/cm? sec; and that those in the 


* As an indication of the intensity distributions in the two systems it may be mentioned that appli- 
cation of the general tables of Bares (1952b) gives the Franck-Condon factors connecting the v” = 0 


level of N,(X 12+) to the v’ = 0, 1, 2, 3 levels of NJ (A *II,) and Nf (B*Z;*) to be 0-18, 0-27, 0-25, 


0-18, and 0-90, 0-10, 0-00, 0-00 respectively. 
+ The penetration-wave length curve is of course very irregular; that shown in Fig. 1 has been 
smoothed. 
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region above the 50 km level are (5 x 1015), 2 x 1012, 4 x 10!°, and 1 x 109/em? 
sec.* As mentioned earlier, collision process (19) may also contribute to the exci- 
tation. The intensity of the red atmospheric system should therefore be very 
considerable. 

Owing to lack of basic data the extent of the scattering in O,, X 35> — A *57 
(that is in the HERZBERG system) cannot be estimated. However, it should be 
noted that though the transition is strongly forbidden its contribution to the air- 
glow is not necessarily negligible. For example, if the oscillator strengths of the 
stronger absorption bands were even 10~!° the total excitation rate above the 50 km 
level would be about 10!°/em? sec. A considerable fraction of the emission would of 
course be in the ultra-violet (PILLOW, 1953). 

It is known that NJ scatters strongly in the first negative system, 7(B 257 
— X *S*; Nj), the photon yield per illuminated ion, being as much as 0-4/sec 
(BaTEs, 1949; SHULL, 1951); and 7(A 7II,, — X?57; NJ), the corresponding yield 
for the MEINEL system, may be comparable in magnitude. The total abundance of 
N; in the F-layers is uncertain (cf. § 2.2) but may be sufficient to give a photon 
intensity of some 10!°/cm? sec. or even more in either system. 

Scattering in OH, X *IIl — A *5* is another possibility. From the oscillator 
strength measured by Dwyer and OLDENBERG (1944) we find that 7(X ?Il 
— A*5*+,OH) is about 3 x 10~4/sec, allowance being made for the Fraunhofer lines. 
According to BatEs and NIcouet (1950) hydroxyl is quite abundant near the 65 km 
level; indeed they tentatively suggest that.” (OH | 60 km) is of order 10'4/em?. If 
this is correct we see that the photon intensity would be some 3 x 10!°/cm? sec; 
but of course the uncertainty is considerable. The stronger bands are in the 4 3000- 
2800 region. 

Several other systems, such as NO, X ?II — B?II may also contribute. How- 
ever, their main emission lies in the crowded ultra-violet and they are unlikely to 
be sufficiently intense to be prominent features. 


Appendix: basic formulae 


1. GENERAL REMARKS 


Resonant and fluorescent scattering by the Earth’s atmosphere are very complicated pheno- 
mena but there are two comparatively simple limiting cases of special importance. In one 
case the absorption process does not cause significant attenuation of the incoming solar 
radiation because the transition is feeble or the constituent concerned is rare; in the other 
case, the absorption processes cause almost complete attenuation well into the wings. We 
shall refer to these as the small f and large Af cases respectively, denoting the 
number of active atoms or molecules per cm? column and f the oscillator strength associated 
with the initial transition. 

On the linear part of the curve of growth the equivalent width Aj, of an absorption line 
of wave length A is given by 


(1) 


where e, m, and c are the standard symbols for the fundamental constants (cf. ALLER, 1953). 


* Saturation effects (which have been neglected) may cause the bracketed value to be an overestimate. 
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The Doppler half-intensity width AJ, is given by 


2A oo n=l 


where k is BoLTzMANN’s constant, 7’ is the temperature, and M is the mass of the atom or 
molecule (cf. MircHELL and ZEMANSKY, 1934). Thus .#f can be regarded as small or 
large according as the parameter 


A(M|T)t Nf (3) 





in me 
1 = \2me(2kT In 2)4 
is much less or much greater than unity. If A is measured in Angstroms, 7’ in degrees 
Kelvin, and M on the ordinary chemical scale, then 


g= 1-2 x 10-4A(M/T)t Vf (4) 
This formula is applicable to a single line and it is in general necessary to take account of 
both fine and rotational structure. 
2. Smaty Wf Case 


When./f is small the rate of population of any excited level j may readily be found from 
considerations of quasi-thermodynamic equilibrium. Denoting the number density of A, 
the constituent concerned, by N(A), it may be seen that the contribution from direct 
absorption from lower levels i is N(A)R(>% — j) with 


R(di —j)= {0,024 exp (= k@ ‘) SFyrt| (5) 
and that from cascading from higher levels k is N(A)R(>k — j) with 


R(dk — j) = {30,24 exp (3 3) ret} (6) 


where the w’s, ¢’s, and .¢ ’s are statistical weights, excitation energies, and Einstein spon- 
taneous emission coefficients, the subscripts designating the levels involved; 6 is the effec- 
tive temperature of the solar radiation, Q is its dilution, and F,, is the fraction by which its 
intensity at photon energy (e; — e;) is reduced by the presence of a Fraunhofer line; r is 
the ratio of the actual value of the population to the value it would have if 7’ were equal 


to ™; and 


E 
Z= ex 5) 7 
all Dats vig . 3 ko ( 


The rates of loss due to spontaneous transitions to other levels (including radiationless 
transitions to an adjacent continuum C) and collisional deactivation are N,(A)S(j —>+*) 
and N,(A)s(j — 5%) respectively where N,(A) is the number density of atoms or molecules 
in the excited level j and 


S(j — D1) = pi A 5; (8) 
8(j — 2%) = B,N(X) (9) 


B; being a mean deactivation coefficient and N(X) the total number density of atoms and 
molecules. In the absence of other excitation processes, 

R(dt — 9) + 34 | (10)* 
eee S(j — di) + 8(j — di) 
? The effects of loss from level j due to absorption, and entry into level 7 due to deactivation of 


higher levels, are not included as in general they may be ignored in the atmospheric regions with which 
we are concerned. 


N,(A) = N(A) E 
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and the N,’s and N,’s (which also appear in (10) through the r’s) are determined by similar 
equations. The set may be solved by standard methods and so the photon emission rate per 
illuminated atom or molecule at any given altitude 


mj — t) = N,(A) @;;/N(A) (11) 


can in principle be obtained. If N,(A)/N(A) is constant, the photo emission rate per cm? 
column is then 


IN(j — t) = NW (A)m(j — 1). (12) 


The general formula is rather cumbersome but it may often be simplified without intro- 
ducing any significant error. Usually only the ground term need be taken into account in 
the R(Si — j) summation,* unless there exists a metastable level from which the excited 
level concerned can be reached through an allowed low energy transition. Cascading can 
generally be ignored at least when the solar flux is a rapidly decreasing function of the 
photon energy, though again there are exceptions when the transition probability to the 
upper of the two levels is much greater than that to the lower level. Deactivation may be 
neglected except in the case of metastable levels, for which it may cause a considerable 
reduction in intensity especially in regions where the gas density is high. Very little infor- 
mation is available on the rate coefficients, 6, of most interest (cf. Massey and BuruHop, 
1952) and it is in general necessary to omit s(j7 — 57) from (10) and therefore obtain but an 
upper limit to the intensity. 

The S(j — >i) summation introduces no complication into the numerical work. For 
resonance transitions it consists of but a single member. If there are a number of levels 
lying below level j, or if there is an adjacent continuum, S(j — >7) may be much greater 
than the dominant .o,,; appearing in the numerator of (10) and the intensity may be con- 
siderably reduced. This is of particular importance in connection with the excitation of 
band systems. For the sake of clarity, suppose that the only terms of the band system 
involved are J the ground term, and J an excited term, that rotational and fine structure 
may be ignored and that the Einstein coefficient ./,, connecting the vibrational level v; 
of J with the vibrational level v; of J may be taken as WY ,,p(v,, v,;) where 2, is the 
coefficient associated with the whole system and p(v;, v;) is the Franck-Condon factort of 
the band which is of course such that 

>P(r;, v;) = PY; ¥)= 1. (13) 
i j 
Suppose further that all upward transitions originate on the zeroth vibrational level of the 
ground term and that Fraunhofer lines are absent. In these circumstances the general 
formula for the photon emission rate in the (j7 — 7) band reduces to 
"| "31 P(v;, 0) P(v;, %) (14) 
k6 A 31 + 8(j — Di) 
If the equilibrium nuclear separations of the two terms differ greatly, p(v,, 0) is extremely 
small for the lower v, values. 

Absorption followed by emission tends to disturb the thermal distribution of the popu- 
lation amongst the levels of the ground term. This may be important in high sunlit aurorae 
(Bates, 1949) but collisions are probably sufficent to maintain a thermal distribution at 
least at altitudes below about 100 km. 


m(j — 1) = N(A) a Q exp ( 
I 


* It should be noted that if this term is a multiplet, its levels must be treated separately. Their 
relative population may not be simply proportional to their statistical weights at the low temperatures 
prevailing and the transition probabilities to an upper level may be widely different. 

+ This factor is the square of the so-called nuclear overlap integral. 
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3. LarcE Wf CasE 


The absorption cross section at the central wave length A, of a Doppler broadened atomic 
or molecular line of oscillator strength f,, (cf. MrrcHELL and ZEMANSKY, 1934) is given by 


Kj, = {me"/me(2km)*}(M/T)* Aof; (15) 

= 1-2 x 10-14(M/T)* Aof,; em? (16) 

the customary units being used. From formula (2), the Doppler half-intensity width is 
AAp = {7-2 x 10-7(T/M)* AJA (17) 

If only natural damping is important the absorption cross section at wave length A such that 
|A— Ay | > Ady (18) 

Ag? Ap 
(A — Ao)? 
= {7-5 x 10-4 Ag'f,S(j — Dt)/(A — Ao)?} em? (20) 


This formula is useful in estimating the wave length range over which a line absorbs 
appreciably in the presence of a competing continuum. In practice account must be taken 
of rotational and fine structure which increase the effective wave length range. For an 
isolated line the equivalent width is simply 


ka = Ky,{87e(m In 2)8}1 S(j — di) (19) 


2 + 
AAg = (as N fis S(j — >| A? (21) 
= {3-1 x 10° V ,f,,S(j — di))t APIA (22) 


collision broadening being again neglected (cf. MrircHELL and ZEMANSKY, 1934). The rate 
of absorption of photons can thus readily be estimated. In this connection it may be noted 
that if the Sun is taken as a black body at temperature 6 then in the absence of a Fraun- 
hofer line the incident photon flux between A and A + dA is given by 


P,dd = {4:1 x 105° 4-4 exp (—x)dd} cm sec"! (23) 
= {1-7 x 10! e4 exp (—z)dA} cm™ sec (24) 


where 
x = 1-438 x 108/46 = 1-161 x 104 €/8 (25) 


and ¢ is the photon energy measured in electron volts. 
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RESEARCH NOTES 





The disappearance of condensation nuclei in a sealed room: 
Remarks on a paper by Smith and Schilling 
(Received 29 July 1954) 
L. G. SmirxH and G. F. Scurirne (1954) examined the variation of the electrical con- 


ductivity of the air in a sealed room. They interpreted their results by postulating for the 
disappearance of the nuclei the relation 


dZ|dt = —ypZ3! (1) 


We propose to show that over the concentration range involved, the equation 


dZ|/dt = —yZ?— AZ (2) 


gives virtually the same variation of nucleus concentration with time. In equation (2) the 
yZ? term represents loss by coagulation and the AZ term represents loss by diffusion and 
sedimentation. Equation (1), however, has no physical basis and even if it represents 
measurements fairly well over a limited range, should be used only with caution. 

SmitH and Scuiuine calculated the nucleus concentration from the equilibrium 
equation q = an? + bnZ, using the value 6 = 2 x 10-*. (ScHWEIDLER’S equation is 
q = an* + fn.) Adopting the same value, we calculaie from the figures given by SmiTH and 


ScHILLING that Z = 32,000 initially and that Z = 350 after one hundred hours. The 
concentrations at intervening times, calculated by means of the 3/2 power decay law, are 
shown in column Z of Table 1. It can be shown that these calculated values fit equation (2) 
moderately well. 

If we integrate equation (2) we obtain 


log, (Z + A/y) — log, Z=H+C (3) 


If we assume a value of A/y we can test relation (3) graphically. By trial the value of A/y 
which gives the closest approach to a linear relation may be found. Table 1 gives the 
figures for this test with A/y = 2000. If the differences of the logs shown in column A are 
plotted against ¢, the points lie close to a straight line. The slope of this line gives 
A = 5-12 x 10-* sec}. Thus y = A/2000 = 2-56 x 10-* cm sec“. 

No great accuracy can be claimed for this method. For example, a test with A/y =1800, 
giving quite as good agreement with the linear relation, yields 4 = 4-96 x 10-® and 
y = 2-76 x 10-°. 

The value of b assumed (2 < 10-®) corresponds to nuclei of radius about 3 x 10-6 cm. 
The value of y calculated for this radius by applying the Stokes-MILLIKAN and the 
SmMoLUcHOWSKI formulae is 1:24 x 10-® (NoLAN and Kennan, 1949). The large disagree- 
ment between the two values of y can be removed by postulating that the radius is about 
2 x 10-8. The corresponding value of 6 is 1-25 x 10~®. If this smaller value of b is applied, 
the values of Z are increased in the ratio 2/1-25. If A/y is increased in the same ratio, the 
values of A are unchanged and we obtain the same value for A. The value of y now 
becomes 1-60 x 10-® in rough agreement with the Srokes-MILLIKAN-SMOLUCHOWSKI value 


1-75 x 10-® for radius 2 x 10-8. 
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Table 1 





Z Z + 2000 log, (Z + 2000) | log, Z A 





4,350 | 6,350 8-756 8-378 0-378 
1,635 | 3,635 8-198 7:399 | 0-799 
850 | 2,850 7-955 6-745 1-210 
519 | 2,519 7-832 6-252 | 1-580 


350 2,350 | 7-762 | 5858 | 1-904 
| j 





32,000 | 34,000 10-433 | 10-373 | 0-060 
| 
| 





We thus obtain good agreement between the theoretical formulae and the results of 
SmitH and Scuiirne. In Dublin, room nuclei normally have a radius about 3 x 10, 
smaller nuclei of radius 2 x 10-® being observed only in summer. It is possible that in 
California with a lower relative humidity the nuclei may be smaller than in Dublin (NOLAN 
and Trepp, 1950). It is worthy of note that our emendation entails an initial concentration 
of 51,000. 

The value of A obtained in this way is independent of the value of b selected. The value 
obtained for a room is unexpectedly large in view of the fact that we have found a value of 
the same order for a gasometer. 

Another method of exhibiting the correspondence between equations (1) and (2) 
is to calculate from equation (2) the values of Z at various times, using the values 
A= 5-12 x 10-*, y = 2-56 x 10-°, and initial concentration 32,000. 


Table 2 





Equation (1) | Equation (2) 





32,000 

3,730 

1,638 

903 

549 

100 | | 350 





A large discrepancy occurs only at 20 hours. 

In this discussion we have assumed that the size of the nuelei remains constant during 
the decay. Undoubtedly growth by coagulation will occur. This involves a variation in - 
b, which is of importance only in the initial stages of the decay when Z is large. 


Patrick J. NoLAN 
University College, Dublin 
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Note on the seasonal variation of sodium D-line emission in twilight 
(Received 29 July 1954) 


A pronounced annual variation of the atmospheric sodium D-line radiation from the night 
sky was first demonstrated by the spectrographic observations (1940-44) of Duray and 
TcHENG Mao-Lin (1946, 1947), and more recently confirmed by the photo-electric records 
obtained during 1948-51 by Roacu, Barsier, and Perttir (1950, 1951). In the northern 
hemisphere it is characterized by a minimum intensity in June—July, and a maximum in 
November—December with a three- to five-fold increase of intensity. 

In the southern hemisphere BricarD and KasTLEr (1944, 1950) find a similar variation 
of the twilight radiation, maximum emission occurring in the winter months with a mini- 
mum in summer. The same investigators find from observations in the south of France 
that the enhanced twilight emission has a seasonal fluctuation in phase with that of the 
nocturnal D-line radiation. 

Some photoelectric measurements of unpolarized sodium D-emission from zenithal 
twilight made here with a polarization photometer on twenty evenings during the three 
years, 1949-51, in quiet solar and geomagnetic conditions, suggest that the seasonal 
variation of the twilight emission originating in the altitude range 70-110 km may not 
correspond exactly with its counterpart in the night sky at 200-250 km. The D-line 
radiation was isolated by filters transmitting an effective band-width of 170 A; and a 
type-H ‘‘Polaroid”’ filter, rotated above the photocell aperture, served as analyzer. 

In the table below appear three-monthly group mean values of the unpolarized radiation 
at 5893 A observed in twilight within an effective height-range of 30 to 65 km (solar 


Observed seasonal mean values of unpolarized D-line radiation in band 170 A wide at 5893 A 





Effective height 30 35 40 45 50 55 60 65 km 





Solar depression 3-8 4-4 5-0 5-5 5-9 6-3 6-7 7-0 deg. 





Season Evenings Band intensity in millilux 





Spring 
Mar.—May +0 +1* +1* 





Summer 
June—Aug. = +10* +6* 





Autumn 


Sept.—Nov. —12* —13* 





Winter 
Dec.—Feb. --3 +7 +18 +20 +19 +18 +20* +19* 











Note—Negative values indicate that the observed intensity of the band was lower than that of an 
equal band of sky continuum, i.e., the band was observed in absorption. Marked thus * are extra- 


polated values. 


depressions, 3-8 to 7-0 degrees). The number of observations associated with each seasonal 
group is given in the second column of the table. Not more than half-weight should be 
assigned to intensity values entered in the last two columns and marked with an asterisk, 
since these have been extrapolated from the experimental data. 
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The Sidmouth results confirm the very marked uncertainty of appearance of the 
D-lines in emission at twilight noted by other observers: they suggest also that the 
enhanced radiation is frequently either absent, or very weak in spring and autumn; 
moderately strong in summer; and very strong in winter, the primary maximum occurring 
in December with a secondary maximum in July. After correcting for the effects of the 
overlying ozone and water-vapour absorptions,* the mean zenithal intensity ratio (winter/ 
summer) of emission observed at solar Z.D. 95°-96° is 3-7, in good agreement with the most 
recent value found for the nocturnal emission (RoacH and Pettit, 1951). However, the 
secondary maximum found here in summer and the much lower values in spring and 
autumn suggest a seasonal fluctuation which differs markedly from that obtained by 
BricaRD and KastTLER at the Pic du Midi in 1942-43. The cause of this discrepancy 
must remain obscure pending the accumulation of fresh experimental data covering a 
much longer period than that on which the provisional results presented here are based. 


D. R. BARBER. 
Norman Lockyer Observatory 
of the University College of the South West, 
Sidmouth, Devon. 
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The anomalous equatorial belt in the F,-layer 


Anomalous behaviour in the F,-layer was first detected in seasonal studies of noon values 
of fF, at Slough. These indicated that the F,-layer maximum electron density, N,,, was 
less in summer than in winter. APPLETON and NaIsMITH (1935), who described this 
effect, considered that the lower summer value of N,, was the result of “‘the total ionization 
being spread out over a greater vertical thickness.” Indications that such abnormally low 
summer noon values of N,, are, in fact, due to the general electronic inflation of the F,-layer 
were first confirmed qualitatively in the course of ionospheric forecasting by the ‘“‘parabolic’’- 
layer method of AppLeToN and Beynon (1940; 1947). The height of the level of N,, 
(i.e., h,,), and also the semi-thickness of the F,-layer, yy, were both found to be greater, 
at Slough, in summer than in winter. The same result is indicated by determinations of the 
transmission factor (M3000) F,, by the method of NEwBERN SmITH (1937; 1938), the inverse 


* The combined effect of ozone and water-vapour normally present in the atmosphere will be to 
reduce the intensity of D-line emission observed in summer relative to its winter value by about 8 per 
cent, 8 quantity just significant in relation to the probable error of computation, and to the observed 
seasonal fluctuation. 
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of which quantity is a quite reliable indication of variations in the height of N,,. The 
magnitude of this factor is lower in summer than in winter, indicating the reverse relation- 
ship in h,,. Greater quantitative precision has been given to these notions by RATCLIFFE 
(1951) and by CHaTTERJEE (1953), who have estimated the total layer electron content (per 
unit cross-section), XN .dh, and found that this quantity exhibits the normal seasonal 
relation. 

When geomagnetic control of the F,-layer was identified (APPLETON, 1946) with the 
“trough” of low values of noon N,,, centred on the magnetic equator, it was pointed out that 
such low values were associated with general ionospheric characteristics reminiscent of 
summer conditions at Slough. In other words, it was indicated that, at noon, there was 
abnormal elevation and upward distension of the F,-layer over a belt centred on the mag- 
netic equator. This is confirmed by the fact that equinox noon h,,, as indicated by trans- 
mission factors, is abnormally high over the equatorial region characterized by the “‘trough”’ 
in NV ,,. Still more convincing evidence has recently been advanced by RatcuirFE (1951) and 
by CHATTERJEE (1954), who have found that when an estimate is made of the total layer 
electron content (per unit cross-section), XN . dh, no equatorial ‘‘trough,”’ such as is observed 
in N,,, is indicated. Since, however, the maximum of the quantity XN . dh is found on the 
magnetic equator, rather than on the geographical equator, the phenomenon of the geomag- 
netic control of F,-layer morphology remains. 

By examining the relation between N,, and geomagnetic latitude for hours of the equinox 
day other than noon, a new result has recently been obtained. It is found that, whereas 
there is a “‘trough” of abnormally low values of N,, centred on the magnetic equator at 
noon, this “‘trough”’ tends to disappear during the afternoon until, during the late evening 
period 1800 h. to 0000 h., it is replaced by a “‘crest”’ of abnormally high values of NV ,, over 
an equatorial belt of comparable extent. After midnight the equatorial “‘crest’’ in N,,, falls 
rapidly, and, by 0300 h., the anomaly has largely disappeared. As noon approaches the 
equatorial “‘trough”’ in N,, values again develops. This diurnal variation of the equatorial 
geomagnetic anomaly is illustrated in Figs. 1, 2, and 3, in which values of fF, for March 
1951 are plotted with geomagnetic latitude for both hemispheres for the local times of 
1200 h., 2100h.,; and 0900h., respectively. 

This late evening maintenance of abnormally high values of V,, on the equatorial belt 
cannot be ascribed, as was once suggested (APPLETON, 1946), to the influence of a low 
recombination coefficient after sunset, which occurs at 1800h., because of the striking 
difference in NV, behaviour exhibited during the two halves of the night-time period. The 
high values of NV ,, during the first half of the night appear to be due to a contraction of the 
vertical extent of the layer, which may be compared with the expansion of the same quantity 
which causes the noon minimum. It may be mentioned that the equivalent height of the 
F,-layer, h’ F,, which is a fair index of layer expansion and contraction, reaches its daily 
minimum on the magnetic equator at midnight; while h,,, as indicated by the transmission 
factor, having been high in the day-time, falls steadily at the same site during the period 
1900 h. to 2400 h. at the equinoxes. If such F,-layer expansion and contraction are due to 
vertical drift (MARTYN, 1947 a,b; 1948 a.b; Mirra, 1952; Weiss, 1953; Marpa, 1953), 
it is clear that there is a belt centred on the magnetic equator in which such drift is markedly, 
and preferentially, developed. 

It should be emphasized that the evening events in the equatorial belt, identified 
above, are anomalous in that the difference between high- and low-latitude phenomena is 
not due to some diurnal influence of uniform phase whose amplitude varies smoothly 
increasing, for example as the geomagnetic latitude falls. It will be noticed that in Fig. 2, 
which refers to the local time of 2100 h., the value of fF, is shown to be less on the magnetic 
equator than it is at slightly higher latitudes within the anomalous belt. Drawing the 
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continuous curve in this way can be amply justified from the consideration of more extended 
data. 

Studies of the response of N,, to increasing solar activity also confirm the existence of 
the anomalous equatorial belt, in that the ratio of the values of N,, at sunspot maximum 
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and at sunspot minimum changes fairly abruptly, at certain hours of the day, when the 
equatorial belt is reached with decreasing geomagnetic latitude. For example, at 2100 h., 
local time, this ratio is a maximum at the outer boundary of the belt in either hemisphere 
and falls to its lowest world value on the magnetic equator. 

It will readily be seen that the anomalous equatorial belt in the F,-layer is about 
4000 km wide. 
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Determination of electron densities in the ionosphere 
from experimental (h’, f,) curves 


I am indebted to Professor J. M. Ketso (1954) for drawing attention to an error in the 
argument I used (1951) as the basis of the paper with the above title. This invalidates the 
method as described. However, since the use of the reference curves in Fig. 4 does lead to 
electron density distributions which are physically acceptable (whereas the use of the 
“‘no-field’”’ curve does not) in the case of (h’, f) curves for Region E containing cusps and 
“tails” (Fig. 2) it is possible that a rigorous argument can be given for the use of similar 
curves. 

I have not been able to derive such an argument and it seems that the mathematical 

- difficulties involved are very great. 
H. A. WHALE 
Seagrove Rudio Research Station, 
Auckland, N.Z. 
REFERENCES 

Ketso, J. M. (1954) J. Atmosph. Terr. Phys. 5, 11 
Wuate, H. A. (1951) J. Atmosph. Terr. Phys. 1, 244 





Journal of Atmospheric and Terrestrial Physics, 1954, Vol. 5. pp. 352 and 353. Pergamon Press Ltd., London 


Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), ESKDALEMUIR (Hs), and LERwICcK (Le) 


July and August 1954 


The figures given on pages 352 and 353 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 


July 1954 





Ab Es Le 
Range for K = 9: 500y Range for K = 9: 750y Range for K = 9: 1000y 





K-Indices K-Indices K-Indices Sum 





4332 3221 3332 3221 3332 2110 15 
1212 3222 0100 2222 0110 2122 
1222 2212 1221 2211 Oll1l 2111 
1221 3121 1012 2010 0110 2111 
0123 2322 0122 1331 Oll1l 2321 
2232 3332 2121 2332 2222 2232 
3113 2221 3113 2211 3212 2111 
1122 2331 1002 2221 1111 2221 
2122 2222 2000 1111 1111 1111 
1122 2212 1111 2212 1111 1112 
2222 2222 2222 1111 1212 1111 
3322 3434 2212 3423 2112 3424 
2112 1222 2012 2222 : 3111 2112 
3332 3322 3322 3312 2331 3311 
1133 4321 0123 3211 1123 3211 
1122 3342 1112 2331 1011 1232 
2332 2224 1221 1114 1331 1113 
5322 3322 4321 2222 4321 1212 
2222 3342 2102 2342 2101 2231 
3222 2311 3221 2201 2222 2211 
1232 2432 0221 2322 1111 2322 
1122 2221 1011 2110 1111 2110 
0223 2221 0102 1221 0112 1211 
3322 3222 3321 2220 3321 2110 
3333 3323 2333 3222 2333 3212 
2223 3321 2122 3311 2121 2211 
3323 3333 2323 3323 3312 2223 
2423 4433 2323 4422 3322 3333 
3323 3321 | 3322 2321 3222 2221 
3113 3312 3]12 2312 3112 2212 
2232 3223 2122 3223 1122 2223 


em Wh = 
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K-indices 


August 1954 





Ab Es Le 
Range for K = 9: 500y Range for K = 9: T50y Range for K = 9: 1000y 





K-Indices K-Indices K-Indices 





2223 3331 1113 3321 2113 3221 
2322 2321 2322 2221 2312 1222 
1222 2232 1113 2222 1112 1122 
1232 2231 1221 2231 1121 2120 
2222 2323 1211 2223 1111 1223 
2332 3354 2232 3254 2322 3244 
3223 3432 3013 3432 3112 3331 
2232 3312 2112 2211 2111 2211 
2222 4433 2121 4323 1121 4323 
3132 2322 2122 1322 3211 1322 
3222 2321 2222 1321 3211 2221 
3223 3222 3223 2211 3212 2211 
0223 3321 0213 3321 1121 2321 
3223 2223 3122 2223 3111 1223 
3123 2243 3011 2233 3111 1243 
1233 4322 1222 4322 3122 4222 
2233 3222 2133 3221 1123 2221 
2223 3332 2223 3232 2222 3232 
4232 2333 4212 2323 3212 1223 
3222 2322 3222 2310 3220 2211 
2334 3222 1234 3221 1233 2121 
4432 2223 4432 2213 5441 2213 
3212 2243 3102 2233 3211 1232 
3333 5444 2233 5344 3232 4343 
4223 3222 3212 2222 3212 2211 
2443 «3333 1443 3333 1442 3233 
5223 2233 5123 2233 5323 2233 
3322 3324 3322 3324 3321 2224 
3334 3233 3323 3232 3323 2223 
2222 23332 2122 3332 2211 3332 
2222 2343 2111 2333 2110 1333 


CaN A Of Wd = 
omit no kr Wd = 





























Book reviews 


Lewis, I. A. D., and F. H. Weis; Millimicrosecond Pulse Techniques (Pergamon Science 
Series: Electronics and Waves. Editor: D. W. Fry, Harwell). Pergamon Press Ltd., London, 
and McGraw-Hill Co., New York. xiv + 310 pp. 161 figures. 40s. net or $7.50. 


This book is one of a series of monographs entitled ‘“‘Electronics and Waves.”’ It is the aim of the 
series to report on research carried out on electronics and applied physics in a condensed form 
and to make the information readily and quickly available. This volume succeeds admirably 
in this aim, and it will be of great help to those who have to design and use millimicrosecond 
circuitry. 

In addition to a very brief chapter on circuit theory, in which the Laplace transform method 
is introduced, there are five chapters on circuit theory, viz., transmission lines, transformers, 
pulse generators, amplifiers, and cathode ray oscilloscopes. The first two of these chapters 
include a simple Laplace treatment of transmission lines and a good theoretical account of 
impedance matching by means of tapered lines. There is also a brief mention of lumped trans- 
formers, delay lines consisting of filter sections, as well as a practical account of transmission-line 
pulse invertors. Among the topics of particular interest in the chapters on pulse generators, 
amplifiers, and oscilloscopes are secondary emission valves used in amplifiers and trigger circuits, 
distributed amplifiers, and travelling wave deflection systems in high-speed oscilloscopes. The 
book concludes with two chapters on the applications of the techniques described with a strong 
bias towards nuclear physics. In these chapters there are sections on scintillation counters, 
pulse amplitude discriminators, fast scalers, and coincidence circuitry, etc. 

The book is written in a style suited to the practical approach adopted. Each topic is 
discussed in a manner which shows the limiting factors, and future trends are often indicated. 
Much practical information is included, and the performance of each of the many circuits 
reproduced is clearly stated. The collecting together of these circuits alone ensures the usefulness 
of the book. There is an excellent bibliography and a comprehensive list of references. 

The only serious criticism which may be made concerns the disproportionate treatment of 
lumped pulse transformers and transmission lines used as pulse transformers. As there is at 
least an equal interest in the two techniques, it is unfortunate that the authors have not found it 


possible to give a more complete treatment of lumped transformers. 
B. CoLLINGE 


A Textbook of Radar, by the Staff of the Radiophysics Laboratory, Council for Scientific and 
Industrial Research, Australia. Edited by E. G. Bowzen—Second Edition. Pp. 617 + xiii. 
Plates XLI. Cambridge University Press, 1954. Price 45s. net. 


The first edition of this work was published in Australia in 1947, and in England a year later. 
It comprised twenty chapters by as many different authors, including an introduction by the 
present editor. In the second edition, now under review, the first sixteen chapters have been 
reproduced by the photo-offset process after all errors had been corrected and various minor 
details, such as the types of valves in some of the circuit diagrams, had been brought up to date. 
In thus reproducing the first 512 pages, an important disadvantage of the first edition has been 
corrected, in that most, but not all, of the references to unpublished reports produced during 
the war in Great Britain, America, and Australia have now been replaced by the corresponding 
references to the papers which have been published in the standard scientific and technical 
journals and which are therefore available in the libraries of the world. 

The range of subjects dealt with in this reproduced material is very wide; it includes chapters 
on the essential components of the technique of radar, such as magnetrons and klystrons, triode- 
power oscillators and modulator technique, microwave transmission lines, cavity resonators 
and waveguides, and radar systems, with display and automatic ranging circuits. Few details 
of actual equipments are given and they are included only when necessary to illustrate principles 
and practice. 
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The last four chapters of the first edition have been replaced by three which have been com- 
pletely rewritten in order to take account of the different perspective in which military radar 
now stands in relation to civil developments and to the extensive applications of radar tech- 
nique to the physical sciences which have taken place in the past seven years or so. The first 
of the new chapters on “‘Military Radar Systems’”’ covers the whole field of ground-based, naval, 
airborne, and secondary radar systems. This is admittedly a compressed account, but it is 
justified by the fairly extensive literature now available, a selected bibliography to which is 
given at the end of the chapter. A comparable space is devoted in the succeeding chapter to the 
development of radar as an aid to civil air and marine navigation and to surveying. In the final 
chapter a concise summary is given of the “‘Applications of Radar Systems to Physical Science.” 
This naturally treats of the development of the new science of radio astronomy, in which the 
editor and his colleagues in the Australian C.S.I.R.O. have played such a conspicuous part. 
A concluding section on the velocity of electromagnetic waves illustrates the manner in which, 
under pressure from a successful application, the precision of measurement of a pure physical 
quantity has been considerably enhanced. 

The book concludes with three useful appendices, containing charts of the hyperbolic tangent 
and tables of constants and conversion factors applicable to the MKS units which are used 
throughout. 

The whole work reflects great credit on the contributors and the excellent co-ordination 
achieved by the editor; and it may unhesitatingly be recommended to graduate and research 
students of universities, and to engineers engaged in research and development in the radio and 


electronics industry. 
R. L. SmirH-RosE 


Woopwakp, P. M.; Probability and Information Theory, with Applications to Radar. London: 
Pergamon Press Ltd. Pp. x + 128. 1953. 21s. 


The object of this monograph is to explain by relatively easy stages how the theory of probability 
is applied to some communication problems and particularly to the statistical problem of the 
reception and analysis of radar information. 

The first two chapters present an introduction to probability theory and its application to 
waveform analysis and noise. As the author states in the preface, these are concerned with 
established mathematical techniques and they describe the code in which so much of the mathe- 
matical theory of radar is nowadays expressed. The third chapter is a summary of SHANNON’S 
original work on information theory and describes the basic ideas of the rate of communication 
of information and the manner in which the information capacity of a communication channel 
is limited or destroyed by the incidence of random noise. This subject is elaborated in the fourth 
chapter on ‘‘The Statistical Problem of Reception.” 

The remaining three chapters deal with the special problems of the detection and analysis of 
radar signals; they are based on the results of the author’s own research in this field, and 
summarize and extend material which has already been published in scientific and technical 
journals. As a result of this work, a great deal of advance has been made in recent years in the 
analysis of radar information; but it is stated in the concluding paragraph on the last page 
of the book ‘“‘that the basic question of what to transmit remains substantially unanswered.” 

It is thus clear that there is room for much more research in this whole field; and particu- 
larly in that part which is concerned with the application of the theoretical concepts of the trans- 
mission of information to the practical problem of improving the efficiency of communication 
and radar systems. The book under review should provide a useful introduction to the subject 
for the engineer and scientist, of modern mathematical ability, working in this field. 


R. L. SmrruH-RosE 
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